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Abstract 
The basic formulae for estimating the energy in the seismic 
waves are derived. The formula e take into account the radiation 
pattern of the source, the compensation for the non-elastic absorption 
of the waves, the velocity-density structure of the earth, the effects 
of the crustal structure under the receiver and the response of the 
recording instruments. Operations are performed in the fr equ ency 
domain. 
Estimation cf the seismic energy of an earthquake is close ly 
related to the detern•ination of the source mechanism and the radiation 
pattern of the source . We have determined the surface wave radiation 
pattern of a shallow shock and the P wave radiation pattern of an 
intermediate shock to show the correspondence between t he fault-plane 
solutions and the fault mechanisms derived from radiation pattern . 
We have obtained the energies of the two earthquakes mentioned 
above as well as 7 other earthquakes with known fault-plane solutions 
and/or radiation patterns. The "total" seismic energies for these 
earthquakes (magnitudes between 6~ acd 7~) usihg the present 
procedures are at least an order of magnitude higher than t hose 
arrived at from tte current magnitude- ene rgy formula. The S wave 
energies are approximately an order higher than that of the P waves. 
The surf ace wave energies for the shallow shocks are three ord ers 
of magnitude less than the body wave energies . Thus, the S wave 
seems to be the main s e ismic wave energy carrier. 
iv 
Energies in the lower order spheroidal oscillations (£ = 2, 15) 
for the 1964 Alaskan earthquake have been calculated from Isabella 
strain data and Berkeley ultra-long period pendulum seismometer data. 
The sum of the energies is 1023 ergs. 
v 
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Introduction 
The problems of the total elastic energy emission during an 
earthquake and the partitioning of this energy among various seismic 
waves, mainly the P and S body waves and fundamental-mode Rayleigh 
and Love surface waves, have been of interest to seismologists for 
many years. The total elastic energy is closely related to the stra in 
energy released at the source in the case of fracture type earthquakes , 
or to chemical-physical energy released when the earthquake results 
from a phase change of the mineral assemblage in the upper mantle. 
Although it is not clear how much energy i s being dissipated near 
the source through non-linear wave propagation or fracturing of the 
ground, the energy contained in the elastic waves may still give an 
order of magnitude estimate of the total energy r e leased at the 
source. The partitioning of the total energy among seismic waves , on 
the other hand, is characteristic of the source that emits the waves 
and also of the property of the material in which the source is 
located . 
Energy estimation in the past had mostly been in the direction 
of determining one parameter from the seismograms, the Richter 
magnitude, for a number of ear thquakes , then independently estimating 
the energy of each earthquake, establishing t he functional relation 
between energy and the magnitude , and using this relationship 
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subsequently to detennine the energy whenever the Richter magnitude 
of that event was given. This procedure would be perfectly legitimate 
if, on one hand, the Richter magnitude is the parameter that comp l etely 
describes the energy of the earthquake, and on the other hand, the 
independent estimation of energy is properly done . The efficacy of 
the Richter magni tude in earthquake statistics studies to define 
the seismicity of a region has long been recognized. But the fact 
that independent magnitude determinations for one single earthquake 
can differ by 1, roughly two orders of magnitude for energy, indicates 
that th e magnitude scale does not unique ly describe an earthquake. 
Besides , owing to the non-uniformity and scarcity of ins trumen ts, 
and the lack of high-speed computing f ac ilities , the direct energy 
estima te was done under several simplifying assumptions; in light of 
present knowledge regarding the nature of the earth's interior and 
wave propagation, a number of improvements can be made. 
The validity of the magnitude-energy formula is especially uncertain 
when the P or S wave is no longer a well defined pulse. Perusal 
of seismog rams shows evidence that many of the large shallow earth-
quakes (e.g. the Chilean earthquake of 1960, the Alaskan earthquake of 
1964, and the Aleutian earthquake of February , 1965) consis t of not one 
but a s e ries of shocks separated in space (of the order of tens of 
kilometers) and in time (of the order of a few seconds). As a 
consequence, the magnitude is unde r es timated, if body waves are used , as 
only one of the many shocks in the series is measured. And due to 
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the fact that quite a large portion of the energy would go into long 
period oscillations, surface waves as well as "free vibrations," 
instead of being contained in the individual P or S wave, a large 
portion of the energy would be neglected. 
Now that we have made advances in othe r fields of geophysics , 
e.g., the knowledge of heat flow, we wish to correlate earthquake 
energy with other energies, and we have a need to refine the energy 
estimation. With the establishment of world-wide standardized 
seismometers and availability of efficient computers, we have the 
means to put the energy estimation procedure on a physical basis. 
In the present work , attempts were made to employ as much as 
possible the present knowledge regarding the velocity-density structure 
in the Earth, the attenuation of seismic waves , the radiation pattern 
of the source and the influence of crustal structure at the r eceiver, 
so that each single determination of the earthquake energy would be 
significant, and that we can have a closer estimate of the total 
energy involved. 
The velocity-dens ity structure determines the path of the body 
waves and the displacement-depth function for the surface waves. Data 
reduction under the assumption of a homogeneous mantle or a heterogeneous 
mantle yields noticeably different results; however, if we disregard 
data near the travel time cusps, the current earth models give results 
well within the experimenta l error. For tonvenience we have 
used Jeffereys' mode l for the body waves and 
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CITll model for surface waves. 
Attenuation of seismic waves can account for a factor of 3 to 
10 in amplitudes for P waves in the period range considered, and 
consider.ably more for S waves. For surface waves, the amplitude 
attenuation can be very severe if we consider waves that have 
travelled around the earth several times. Attenuation coefficients 
for surface waves are better known than that for body waves. Surface 
wave Q, the dimensionless loss factor, has been given by Ben--Menahem 
(1965) for periods between 50 and 300 seconds, and by Alsop~~ 
(1961) at free oscillation periods. Anderson and Archambeau (196Lf) 
formulated a theory for inversion of Q data and obtained Q as a 
function of depth, which was subsequently employed by Anderson and 
Julian (1965) and Teng (1965) to compute the body wave attenuation 
as function of epicentral distance and frequency. 
Unequal azimuthal radiation of the source was noticed by many 
earlier workers (Gutenberg, 1955; Bath, 1959), but the lack of uniform 
instruments prevented a thorough investigation. We have experimentally 
obtained the surface wave radiation patterns of a shallow shock and 
the body wave radiation patterns of an intermediate shock and included 
this factor in the spatial integration for energy. It is now quite 
well established (see also Teng and Ben-Menahem, 1965) that the 
theoretical radiation pattern (Ben-Menahem ~ a1=_, 1965) calculated 
by using the fault elements derived from "fault-plane solutions" 
fits quite closely the observed radiation pattern at least for 
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surface waves (additional evidence can be found in Chander and Brune, 
1965) and body waves from intermediate or deep earthquakes. It is 
possible to calculate the energy of an earthquake by integrating the 
P and S waves on three-component seismograms from one station, when 
the "fault-plane solution" of the earthquake is given. 
The crust at the receiver acts like a band-pass filter. Although 
the long-period responses are not very much different for crustal models 
having different layerings, the short-period responses are quite 
distinctive from one another . Therefore when considering the ene rgy 
in short period waves , the choice of the correct crustal model is very 
critical. 
Any disturbance in a finite body can be represented as the 
superposition of the free modes of the body. As a consequence we 
have two possible interpretations of a seismic record: as a sum of 
fr ee oscillations of the Earth or as waves travelling outward from a 
localized source with their ensuing reflections at boundaries and 
interfaces. It is a matter of practicality, insofar as the estimation 
of energy is concerned, which interpretation we use. Extraction of 
low frequency signals requires t he recording of information long 
after the initiation of the disturbance; a time interval in which the 
waves have travelled a few times around the Earth and therefore "know" 
that they are in a finite body. Body waves and surface waves for 
relatively high frequency (corresponds to periods shorter than 300 
seconds, say) are more eas ily proces sed ~s travelling waves . Under 
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the assumption of linear elasticity we can obtain the tot a l seismic 
energy by adding up the energy content in dif feren t frequency bands, 
since no energy transfer among diff er ent fr equencies i s possible. 
There ar e certain intrins ic difficulties involved in energy 
mea s urement, arising mainly from our inabili t y to record the complete 
seismic signal. Several factors prevent us from doing so. First, 
the instrument response is inevitably band-limited ; in orde r to 
recover a wid e r spectrum we have to use a.series of inst ruments with 
different frequ ency character istics : for example, a strain seismometer, 
and pendulum seismometer wi th diff erent pendulum-galvanometer 
combina tions. In the present work we use mainly WWNSS long-period 
instruments supplemented by strain seismometers and ultra-long period 
pendulums for free oscillation energy measurement. Secondly, scattering 
of high frequency seismic waves, when the wave l eng th be comes comparab le 
to the dimensions of the inhomogeneities in the crust, increases as 
the fourth power of frequency; this effect tends to reduce high 
frequency waves to the nois e level before they reach the seismome ter. 
Since the energy content of the high frequency part of the spectrum 
is relatively high compared to that of low fr equency waves, we are 
prone to unde res timate the total seismic energy if the source does 
generate considerab le high frequency energy. Thus, our estimate is 
at most a lower limit of the total elastic energy generated by the 
source. 
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Basic Formulae 
Consider a region R, occupied by the elastic solid, and bounded 
by a "geometric surface" (not a boundary or any "physical surface") 
S. Both R and S are fixed in space and time. The energy E contained 
in the region S consists of the kinetic energy of particle motion 
and the elastic potential energy 
E 
I I I 
+ ~ I{ · 6 i·)dv 
v 
where ; is the displacement field, p the density, { the stress 
dyadic and D the strain dyadic. Then the flow of energy out of the 
surface is 
3E 
3t II! 
II 
s 
(Morse and Feshbach, 1953). 
-+ 
• dA 
This formula can be integrated with respect to time from t
0 
to tf 
to obtain the total energy, if at t , all the energy we are 
0 
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interested in is contained in the volume and at tf the energy has been 
transported across S. However, to use this formula we need to have 
both strain measurement and displacement measurement at points on 
the closed surface S. 
If we have the displacement fields only, we can consider an 
alternative expression for kinetic energy 
aE 
at 
s 
-+ (~). 2 P at -+ -r v • dA 
which is a direct consequence of conservation of energy. Using this 
formula we can obtain the total kinetic energy in the volume and with 
the knowledge that potential energy equals kinetic energy in the 
average we can multiply the time integral by 2 and obtain the total 
energy, i.e. , 
E 
I 
aE 
at dt 
t s 
0 
->-
(~) 2 P at ->-v • ->-ds dt 
The significance of this formula is that if we are given the time 
behavior of the displacement on a closed surface in the vicinity of 
the source, which is bounded also in time, we can integrate with respect 
to space coordinates and the time to obtain the total energy. In 
practice we observe seismic waves at a distance from the source; we 
have to equalize the waves back to the source before we can perform 
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the integration. In what follows, we will discuss the body wave energy 
integra tion and surface wave energy int egrat i on separately since the 
me thod of equalization and the surface of integration are slightly 
diff erent. Implied in this trea tment is the assump tion tha t we are 
dealing with waves at l arge distances compar ed with th e wave l eng th, 
so that the waves are separated into different phases, and can be 
deemed as signals bounded in time . The equa liza tion process, of 
course , r ecovers only t he e l as tic field of the source. The energy 
that is dissip a t ed around the source as hea t i s not our concern here . 
Body Wave energy 
For body waves P and S we us e a sphe ric a l surface to enclose 
the source, and spherical coordinates a re chosen for convenience. 
The kine tic energy density at time t is 
-+ 
1/lp 
dSp ( ) 
1 ( ) ( e, ¢ , t )2 
"2P rs at 
where p(r ) =density of material at the source, and s ( 6 , ¢ ,t) = 
s p 
particle displacement, then the tot a l kine tic energy in t he P wave 
E p f f) 
-+ 
r 2 p(rs) (::P (e , ¢ ,t)) 2 sin6 d6 d¢ dt 
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where 
v (r ) p s velocity of P wave at the source. 
Similar expressions can be written for S waves. 
Let 
-+ 
V(6, ¢, 
-00 
-iwt 
e 
we have, by Parseval's theorem, 
-00 
+ 
dS (8, cjl, t) 
Clt 
dt 
-co 
dt 
2 
dw 
~(8, cp, w) is the velocity spectrum density. This can be derived 
from displacement spectrum density: 
->-
V (8, ¢, w) + iw s(8, ¢, w) 
s(8, ¢, w) = displacement spectrum density. 
The spatial dependence can be separated from the frequency 
dependent part, assuming a frequency independent radiation pattern 
(Ben-Menahem ~~· 1965): 
s(8
0
, ¢
0
, w) is the source spectrum observed at (8
0
, ¢
0
), a point on 
the focal sphere. R(8, <P) is the radiation pattern of the source; it 
is discussed in detail in a paper by Ben-Menahem et al, (1965). 
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There are several ways of obtaining it. 1) With sufficient stations 
around the source an actual radiation pattern can be worked out, 
2) a theoretical pattern from a double couple or single couple source 
(Ben-Menahem ~_al, 1965), can be fit to the available data points, 
3) the surface wave radiation pattern (Wu and Ben-Menahem, 1965) or 
first motion method can be used to deduce the parameters and calculate 
the radiation pattern. 
Since we invariably observe seismic waves at a distance from 
the source, these waves must be equalized back to the focal sphere* 
by compensating for the effect of geometrical spreading and absorption. 
Let F(w) be the observed spectrum at some station then 
s ( e , ¢ , w) 
0 0 l
d6. I~ sin6 cos io i Jy(w,6)d6 
r
0 
F(w) [T(w) I (w) J -l I 17 e dis sin is 
where 
i = take-off angle at the source. 
s 
r 
0 
y(w) 
T(w) 
I (w) 
angle of incidence at the station 
epicentral distance 
radius of the earth 
attenuation coefficients 
crustal transfer function 
instrumental response 
* The operation here only recovers the far field part of the elastic 
displacement. 
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The crustal transfer function was discussed by Haskell (1960, 
1962), Phinney (1964), Hannon (196Li) and Ben-Menahem ~ al (1965). 
It is sensitive to the layer parameters of crust under the instrument 
and the incidence angle; hence it has to be separately computed for 
each station. The attenuation factor y(w) has been investigated by 
Anderson and Julian (1965) and Teng (1965). (See Appendix I) 
One complication arises in practice. In the discussion above 
we assumed that the P or S waves we observed are uncontaminated by 
other arrivals, which is more or less true for a P wave from earth-
quakes at a depth of 150 km or more, but for .J:arge shallower shocks 
the P pulses that usually persists for a duration of more than 
20 seconds become entangled with the reflection from ~he crust above 
the source. The S wave, with its longer dominant period, is isolated 
for earthquakes at depth 300 km or more at suitable distances. In order 
to extract the energy for the primary signal, when P and pP or S and 
sS are superposed, we have to divide the observed spectrum by the 
transfer function of the system consisting of the crust above the 
source in addition to the operations discussed above. We will discuss 
the isolation for P for a shallow earthquake in a later section. 
The total kinetic energy can therefore be obtained by combining 
the expressions above 
E p 
·r 
0 
-13-
R2 (e, ¢) sine dB d¢ 
w2F2 (w) [T (w) I (w) J -2 l_g_~ I 
R2(e ~ ) . dis 
0' '!' 0 
sinli cosi0 I \ ef 2y(w,li)di'i dw 
sin is 
where r has been taken to be unity. 
Surface Wave Energy 
For surface waves we use a semi-infinite cylindrical surface. 
Since no energy flows upward or do\.mward only radial transport is 
involved. 
VR 
v 
r 
rL 
Vi, 
in 
in 
~(e, z , t) r v de dz 
r 
case of Rayleigh wave 
case of Love wave 
For a dispersive medium v is the group velocity, the velocity 
r 
at which energy is being transported. As the frequency content of 
the wave is a function of time v (w) is a function of time through 
r 
frequency. This implies that we have to know the source time function, 
but this is unknm.m. To circumvent this difficulty we sum up energies 
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contained in narrow frequency band over which the group velocity is 
nearly constant: 
dE 
dt 
00 
l rd 8 dz 
I
21T I°" (a:: ( 8 , z, t) )2 P C z) • v 
rn 
n=o 
0 0 
where s is the displacemen t and v the group velocity for the 
n rn 
frequency band n · 6w -+ (n + 1) • 6w, ts.w being the bandwidth. The 
total kinetic energy is 
E 
00 
l 
f 
21T f °" 
rd 8 
0 0 
dz p (z) • V Joo 
rn 
n=o 
-oo 
Again, using Parseval's theorem 
r r::n (e, z, t))2 dt 
where 
-
1 
21T 
n•6w 
dS (~ (8, z, t))2 dt dt 
~ 2 (8, z, w) dw 
n 
s (8, z, w) 
n 
J
oo dSn ( 8' 
at 
z, t) -iwt 
e dt 
-00 
- iw S (8, z, w) 
n 
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S (8, z, w) being the displacement spectrum density at the vicinity 
n 
of the source. To equalize the observed spectrum G (w) at some 
n 
azimutha l angle 8 and a distance 6 away from the epicenter and on the 
0 
surface we do the following operation 
S (8, z , w) 
n 
~ 
r 2G ( w) 
o n 
[I(w) J- 1 jsint. 112 • ey(w)t. • H(z,w) 
R( 8 ,w) is the r adiation pattern wh i ch can be derived from observed 
0 
spectrum around the source (Wu and Ben-Menahem , 1965). H(z , w) is the 
normalized (t o surface displacement ) disp lacement - depth function. 
This can be determined by using Haskell's matrix method once the l ayer 
constants are given. The integral 
I
"' 
J(w) 12w2 p(z) H2 (z , w) dz 
0 
is numerically comp uted and p l otted in figures 1 - 3 separately for 
Rayleigh wave, vertical and horizontal components, and Love wave, for 
the CIT II structure (Anderson and Toksgz , 1963). The expression 
for the energy can, theref ore, be written as 
r de ( ri+l) • 6w ro n=oo I 2 E I v G 2 (w) [ R(8~ ] 2 [I (w)) lT rn n R(8 0 , w) n=o 0 
n•6w 
• e 
Zy(w)t. J(w) dw 
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The plots of J(w) all demonstrate the fact that as period 
decreases J(w) increases. We can show here that for Rayleigh wave 
in a half space J(w) indeed approaches 00 as w ->- 00 
' 
and approaches 
0 as w ~ 0. In a half-space H(z) of Rayleigh wave can be written as 
( I 1 - c 2;02 exp - r µ 
or 
( I 1 - c 2;a2 exp - r 
where z ~ 0. We then have 
J(w) 
where 
n 
-2nwz 
e 
1 WO 
~
n 
z) 
z) 
-2nwz 
e 
or 
00 
0 
1 - c 2 /a 2 
r 
Therefore J(w) ~ 00 as w ~ oo, and J(w) ~ 0 as w ~ 0. 
Thus energy would become quite large if the source spectrum does 
have finite amplitude at very high frequency. Since we do not expect 
nature to yield unreasonably large amounts of energy in earthquakes, 
a source frequency spectrum should not contain very high frequency 
components. Further discussion of spectral energy density J(w) can 
be found in a paper by Harkrider and Anderson (1966). 
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Discuss ion 
In the formulation above , we assumed we can integrate over the 
whole frequency band from 0 to 00 , but in practice , using the 30-100 
WWNSS seismogram, for example, we are able to observe a band-limited 
seismic signal only. At the low frequency end of the spectrum it i s 
possible to use auxiliary instruments such as strain seismometers , 
tiltmeters or the like to r ecord fundamental and hi gher modes of 
free-o scillation (Kovach and Anderson, 1966). We will discuss this 
in a later chapter, and use Isabella strain dat a and Berke ley Pendulum 
seismome ter data to estimate the long period energy for Alaska earth-
quake. At the high frequency end of the spectrum the attenuation 
is severe and the effect of the crust - scatte ring and diffracting 
render it difficult to recover the signa l accurately. As we have 
just shown that J(w) -+ 00 as w -+ 00 the amoun t of ene r gy we neglect 
' 
by using a band-limited instrument or measuring energy at distances 
such that the high frequency waves are already reduced to noise level , 
can be quite significant. In t h i s sense, we are at best only measuring 
the lower limit of the total elastic wave energy released during the 
earthquake . In order to make clear t he meaning of t he numbers - energy 
in ergs in this case - it is always des irable to specify the band 
over which we int eg rate. 
In some applications, for example , to relate magnitude to energy, 
it may be advis ab le to bypass t he frequency integration and l ook at, 
say, surface wave spectrum density ins tead. A perusal of the 
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seismograms from earthquakes of various magnitudes reveals that longer 
waves are observed only for large earthquakes . It is perhaps possible 
to reduce the energy spectrum densities to a one parameter family 
and use the parameter to specify the magnitude. 
The differences between the methods used by other authors to 
obtain the energy of earthquakes and the method presented here will 
be discussed in a later chapter, after we obtain some experimental 
values of the energy. 
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Integration for Energy in Practice 
Spatial Integrations 
It would be desirable to integrate over the spatial coordinates 
experimentally, so that the final energy obtained will be free from 
assumptions as to the nature of the source. However, the distribution 
of stations does not warrant such a procedure; a much higher density 
of seismometers around the world is required for the purpose. 
Insofar as it has been demonstrated that the seismic source can 
be approximated by a double couple source (see e.q., Hodgeson and 
Stevens, 1964; Stauder, 1964; Wu and Ben-Menahem, 1965; Teng and 
Ben-Menahem, 1965) we shall use the theoretical radiation pattern for 
our spatial integration. 
1. Body Waves 
Ben-Menahern ~ al (1965) gave the body wave radiation 
patterns for both shear and tensile faults in an infinite 
medium. We have listed the P, SV and SH radiation patterns 
for shear faults in Table I . These radiation patterns 
will be used in a later section to obtain the source 
mechanism of an "intermediate" earthquake. 
The integration 
I= J
2
TIJTIR2(e, ¢) sine de d¢ 
0 0 
is carried out in Appendix II. 
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From the physics of the situation, we can see 
immediately tha t the P integral will be independen t of 
the attitude of the motion vector, therefore, independent 
of 8 and A. In other words, the integral is a constant. 
But it is not so in the case of SH or SV wave, because SH 
and SV is defined only when a surface or a preferred 
orientation is involved in the problem (in an infinite 
medium the surface is a geometrical onaj, and the attitude 
of motion vector - specified by 8 and A - will determine 
how much energy will go into each type. 
The results are 
4 
Ip 15 Tr 
ISH =~Tr (a12 + 4 a22) + t Tr ( 812 + 822) 
where 
Tf 
15 
a1 
a2 
81 
82 
(19 cq 2 + 16 a/) 
= ~ sin A sin 28 
~ sin 8 cos A 
sin A cos 28 
cos A cos 8 
+ 
14 
15 Tf + 
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2. Surface Waves 
The spatial integration of the surf ace wave energy can 
be separated into the 8 and z integrations. We have already 
performed the z integration when we calculated the kinetic 
energy density curves for Rayleigh and Love waves in the 
previous section; they are independent of the source. The 
8 dependence is the radiation pattern of the source. It 
was shown by Haskell (1963) that the radiation pattern of 
Rayleigh wave in a homogeneous, isotropic half-space is 
a function of the depth of source and the attitude of the 
motion vector and the frequency of the wave. Ben-Menahem 
and Harkrider (1964) extended his result to Rayleigh and 
Love wave radiation from dipolar sources with arbitrary 
elements in a multilayered elastic medium; in which case 
the radiation pattern is a function of the same variables 
as in Haskell's results, although in a much more complicated 
way. 
According to Ben-Menahem and Harkrider, the radiation 
pattern from a dipolar source, at some frequency w can 
0 
be expressed as 
x(¢) d
0 
+ i(d 1 sin ¢ + d 2 cos ¢) + d 3 sin 2¢ 
I X(<I>) I 
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where d .. 's are functions of w, o, A and h. (See Harkrider 
]_ 
and Ben-Menahem for definitions of d.'s). Evidently, this ]_ . 
function includes both the amplitudes and the phase; in 
calculating the spatial integral, only the amplitude part 
is needed. 
The amplitude of x(e) is 
and the integral we have to calculate is 
J
2 1T 
Ix C<t> ) I 2 d<t> 
0 
J
21T 
(d
0 
+ d3 sin 2e + d4 cos 2e)2 +(d 1 sine + d2 cose )2 de 
0 
= 1T d 2 + d 2 + d2 2 )-4 1 
This has been incorporated in the computer program for 
calculating the radiation pattern of Rayleigh and Love waves 
in a multilayered medium. 
The integral depends on frequency as well as the 
attitude of the motion vector. The frequency dependence 
can be obtained in the process of fitting the observed 
radiation pattern at various frequencies by interpolating 
between the discrete frequencies values . 
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Frequency Integration 
The general form bf the frequency integral is 
where s2 (w) is the spectrum density, R (w) is the frequency dependence 
of the radiation patte rn. 
For body waves , it is assumed that R ('w) 
therefore is reduced to 
_l_ f w2 S2 (w) d W 2n 
A, the. int eg ration 
In case of surface waves , however, R( w) i constant, and the 
functional dependence can be obtained in the process of fitting the 
surface radiation pattern. 
f 
21T 
x2 (¢ ' 
0 
A frequency dependent spatial integration 
w) cl¢ 
can be performed numerically when calculating theoretical radiation 
patterns. This is then used as a weighting function in the frequency 
integral. 
Theoretically, the spectrum from one station would suffice for 
the frequency int eg r a tion after the radiation pattern has been determined. 
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The actual spectral densities at various stations from one single 
earthquake are invariably different from each other. Many factors 
could contribute toward this diversification, for example the 
finiteness of the source, effects of a propagating rupture, effects 
of different propagation paths as well as the choice of velocity 
window, and numerical processing. 
In practice, we can choose several spectra, preferably at the 
maxima of the radiation pattern, perform the integration on these 
spectra , and obtain thereby an error estimate. 
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The Partitioning of Seismic Energy from a Surface Fault 
The problem of partitioning of the seismic wave energy among 
different phases at large distances from the source can be experimentally 
solved as we have demonstrated in the previous section. It is obvious 
that partitioning of energy in general would depend on the type of 
source that generates the elastic waves. For example, we would not 
expect to observe much S wave from an explosion if no release of 
tectonic strain is j_nvolved in the event, while for most earthquakes, 
S wave is much stronger than P wave. l<i1hen surface waves are concerned 
we would expect the partitioning to depend also on the layering or the 
inhomogeneities of the media in which the source is located and the 
proximity of the source to the channel or the free surface (Harkrider 
and Anderson, 1966). Although the exact mechanism of earthquake 
generation is yet to be expounded, it has been verified experimentally 
that as far as the first motion of the body waves and the radiation 
pattern of the bodily waves as well as the surface waves are concerned, 
the source can be represented as a double coup le, which is an equivalent 
force system only, saying nothing about the actual mechanism, be it a 
slip on a plane or a result of phase change.(For a summary on first-
motion studies see Scheidegger, 1957; for radiation pattern of bodily 
waves see Teng and Ben-Menahem; for surface wave studies see Wu and 
Ben-Menahem, 1965 and Chander and Brune, 1965). 
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In this section we will investigate the partitioning of energy 
from double couple sources which arise from equivalent force 
representations of faulting in a homogeneous half-space, and in a 
later section we shall compare the results we obtain here to those for 
the Iran Earthquake of September 1, 1962. The method we use here is 
based on a paper by Burridge ~ al, (1964) in which the representation 
theor~- of Burridge and Knopoff (1964) was used to set up equivalent 
double couple sources for dip-slip and strike-slip on an arbitrarily 
dipping plane, which is shrunk to zero area. In the trea tment it was 
proved that an arbitrary fault (with zero surface area) can be reduced 
to a linear combination of three elementary displacement-dislocations 
namely (a) Slip on a horizontal plane, (b) Strike slip on a vertical 
plane and (c) Dip-slip on a plane dipping at 45°. 
In order to avoid repetition we shall start our discussion from 
the integrals given by Burridge ~ al, (196Lf) and use their numberings 
of the equations 
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In these expressions ~ and n are the horizontal wave numbers in 
the direction of x and y resp e ctively, s2 + ~ 2 + n2 = w2 / a 2 and 
!.,: !.,: 
s' 2 + ~ 2 + n2= w2 / s2 with a= (A. + 2µ/p) 2 and s = (µ/p) 2 • ff(_ is the 
half space Rayleigh factor : 
A glance at these integrals will show that in the integrand for 
P and SV waves the denominators all have the factor ~ , which when 
equated to zero is the homogeneous half-space Rayleigh equation; as 
expected, the SH integral does not have such a factor. Since the 
presence of singularities (the solutions of Rayleigh e~uation) implies 
the interference of waves and conve rsion of a wave to Rayleigh wave 
in the far field solution, the P and SV will contribute to the Rayleigh 
wave while the SH wave will not. Of course, if there is any inhomogeneity, 
for example, layering, there will be Love waves . One advantage of 
separately treating P and SV integrals is that we can isolate the 
con~ribution to Rayle igh waves from these primary waves. 
The method of integra tion us ed is very similar to the one used 
in the paper by Burridge..§'..!. al, (1964); strictly speaking their 
approximation neglec ted the contribution from the singularity which 
lies along the contour, and is therefore not complete. Insofar as 
the body waves are the main objective of their paper , the results 
are still correct. We adopted an integration procedure given in 
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Brekhovskikh (1960) with slight modifications. In Appendix III, we 
have treated the integrals (7.4) in some detail to show the location 
of singularities, the branch cuts and the deformation of the contour. 
The other integrals can be treated in the same way . 
The results of the integration are tabulated in Table II. Since 
the method of integration used is valid for kR >> l,we are therefore 
neglecting a part of the signal for finite distances. However, since 
in practice we are recording at large dist ance (compared to wave lengths 
of interest) from the source and looking at a band-passed signal the 
condition kR >> 1 may easily be satisfied. To obtain the kinetic 
energy we can apply the same type of formulas as in the pr evious section 
on Basic Formulae, 
E ,_ I u 1 2 <ls dw 
L2 p I I Ico 
s -00 
where u u (w, x, y, z) and S is a closed surface surrounding the 
source. To find the partitioning of energy among the different phases, 
we need not carry out the w integration. This is so because all the 
velocity spectra are of the same degree in w; for Rayleigh waves it is 
true after integrating on z. Thus it is clear that in a homogeneous 
half-space the total energy will be dependent on the source time 
function, but the partitioning of energy among different waves will 
not be. A word may be said here about the source spectrum. In order 
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to keep t he tota l energy finite it is necessary that 
S (w) 1 ~ 1 ->-- as w -+ 0 n 
0 n 
w 
and 
S ( w) 1 p. 1 ->-- as w -+ 0 n 
0 n 
w 
Take E as 1 for source (b) and (c) we have calculated E / E , p . sv p 
E h / E (E / E ) and (E / E ) and E / E h + E and ER/ EB' where the 
s p r p p r p sv p s sv 
subscript B denotes body waves . They are tabulated in Table III . 
Haskel l ( 1964) used de Hoop ' s representation theorem (de Hoop, 
1958) to ca l culate the partitioning of energy between P and S waves 
f or a finite propagating fault in an infinite space . The final 
s tage of his faulting is represented by a di s continuity of shear s t ress 
a cross a st r ip of l ength L and width W, the thickness of the fault 
r eg i on i s smal l compared t o the wavelength in question. The rupture 
starts at one end of the strip and moves to the other end with a 
velocity of V. The medium is unstressed prior to t he r upture. The 
r esults he obtained for shear faults are: 
Longitudinal shear fault 
E 
_E_ 
E 
s 
.03294 
.01829 
aT /L > a + 1 
aT / L < a - 1 
and ST /L > b + 1 
and ST /L < b - 1 
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Transverse shear fault 
E 
_£_ 
'E 
s 
where 
E 
_£_ 
E 
s 
a 
.03652 aT/L > a + 1 
.02557 o:T/L < a - 1 
LONGITUDINAL WAVE ENERGY 
SHEAR WAVE ENERGY 
P wave velocity 
and ST / L. > b + 1 
and ST/L < b - 1 
T rise time of the ramp source time function 
a a/V 
b S/V. 
The dislocation source models adopted in Burridge and 
Knopoff ' s (1964) and Haskell's (1964) works are equivalent sources 
that are not realized in earthquakes . The introduction of a 
dislocation in a medium requires a very large amount of energy 
to be put into t he medium . This energy is no t generally available 
in natural circumstances. Archambeau (1964) proposed a relaxation 
model which incorporated a finite non-linear zone , the propagating 
rupture and release of tectonic strain. Such a source model 
provides more parameters to fit an actual radiation field. His 
preliminary results show that E /E values depend on source 
s p 
parameters, but in general are of the same order as the values we 
arrived at for dislocation model . 
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Data and Data Analysis 
1. Instruments Used 
To ensure that the quality of the data be uniform it is 
desirable to use only data from those instruments that have very 
similar frequency characteristics. Therefore, wherever it is 
possible, we will use the WvlNSS seismograms. Even the responses 
of these standardized seismometers exhibit a certain amount ' of 
deviation from the published curves; this can be seen from the 
difference in the shape of the calibration pulses on the seismograms 
(figure 4 ). However, in most cases, the calibration pulses are 
quite similar and the response of the instrument obtained by 
Fourier analyzing these traces is very close to the ones published 
in the handbook: World-Wide Standard Seismograph Network. 
The amplitude response of a critically damped and zero-
coupling galvanometer-seismometer system can be expressed as 
A(w) 
w 2 w 2 +w 2 w2 + w 2 w2 + w4 
0 g 0 - g 
as w -r 00 , A(w) -r 1/w 
and as w -r 0, A (w) ->- w 3 / w 2 w 2 • 
0 g 
That is to say, at short periods the instrument reacts like an 
integrating circuit and at long periods, a differentiating circuit. 
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And at intermediate periods we would expect the instrument to 
respond in a rather complicated way. Thus a direc t use of the 
amplitude of a trace is not desirable in tha t equalization or 
other frequency-dep enden t operations cannot be carried out without 
ambiguity. Amplitude of ground displacement, acceleration, and 
velocity could be obtained by deconvolving with the instrument 
response in the time domain or multiply by the proper instrument 
response in the frequ ency domain. 
The frequency response of a velocity transduce r is given as 
A(w) (Amplitude) 
</> (w) tan- 1(x(w)/y(w)) (Phase) 
where 
w = frequency (radians/sec) 
X w4 - w2 ( n12 + n22 + 4 k1k2Cl -- a2 ) J + n12n22 
y -2w3(k 1 + k 2) + 2w(n2 2 k 1 + n1
2k2) 
n 1 natural frequency of the pendulum 
n2 = natural frequency of the galvanometer 
k 1 /n 1 = h1 damping factor for the pendulum with the galvanometer 
clampe d (h 1 = 1 for critical damp ing) 
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h2 damping factor for the galvanometer with the 
pendulum clamped (h2 = 1) for critical damping 
o coupling factor 
Q constant determined by parameters of the electrical 
and mechanical system (see Hagiwara, 1958) 
This formula was programmed and was used to reduce the trace 
spectrum to ground displacement spectrum. For our purpose, the 
calculated response is close enough to the actual r esponse of the 
instrument obtained by Fourier analyzing the calibration pulse 
(figure 5 ). 
2. Analysis of Body Waves 
Body waves P and S are usually present on a seismogram as a 
pulse at suitable distances from the source. Great care must be 
taken to choose waves that are not contaminated by later or 
earlier phases. For example, PcP often follows P and gradually 
merges into P. 
In most cases, the signal-noise ratio is very high and pre-
processing of data is not necessary. However, one difficulty 
arrises owing to the finite time window we take for P and S waves. 
The response of the instrument is such that after an impulsive 
ground displacement it takes a long time for the trace to return 
to its zero-line; the next phase invariably comes in before the 
previous phase dies down comp letely (see, for example, Berckheimer 
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and Schneider, 1964). Thus, when we wish to isolate a P wave 
or an S wave by applying a finite velocity window, we will cut 
off a part of the signal . From the expression for instrument 
frequency-response, the zero frequency will not be sensed by the 
instrument. As a result of the velocity filtering, a part of 
the signal is discarded; the areas enclosed by the trace above 
and below the zero-line are not equal, i.e. a de component is 
introduced into the spectrum . When we divide the spectrum by 
A(w), the error is drastically magnified. In the process of 
numerical Fourier analysis , this component wil l contaminate the 
values at other frequencies, unless we either detrend the trace 
or use 
1 
2T 
1 
2 x record length 
as frequency increment, in the interval 
< (.__l_ 
0' f "" 26t 
1 
2 x digital i nterval 
Another technique which is useful in r endering th e spectrum smooth 
is tapering the trace at both ends, so that the trace has a value 
of zero and a slope of zero at these points. Since the Fourier 
transform operation is assuming the trace is zero outside the 
data range the t apering will eliminate possible jumps at the ends. 
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3. Surface Waves 
The analysis of surface waves is done in much the same way 
as in previous studies of surface wave phase velocities (see, for 
example, Toksoz and Ben-Menahem, 1963). Instead of using phase 
spectrum, as was in the work on phase velocity, we are concerned 
here mainly with the amplitude spectrum . We will outline the 
procedure we used. 
a. Identification of Haves 
A Fortran program was written to calculate the 
arrival time of the surface waves G1 through G5 and R1 
through Rs, given the epicenter and origin time . As 
the group velocity would vary for waves that propagate 
by different great circle paths, we cannot set a rigid 
velocity window for all the seismograms; instead, 
judgement has to be used as to when to start and when to 
stop. This is especially crucial when we employ G1 or 
R1. The orbital motion of the wave will help in identifi-
cation, when distinguishing be tween G and R waves. 
b. Digit ization 
After the group velocity window for each wave is 
determined , the traces are then digitized at intervals 
controlled by the highest frequency we wish to look at. 
In the present work, we used 3 second intervals . As 
we shall see l ate r, we will not look at waves below 
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15 seconds; 20 points per minute is therefore quite 
sufficient. Tapering of data at both ends of the trace 
can be performed before digitizing. 
c. Detrending 
The digitized data are then put through a detrending 
process on the computer to remove the mean and the tilt 
of the trace (remove trend of degree 1). This will 
eliminate the de component as well as the very low 
frequency- content which comes into the data through some 
instability of the seismometer system. 
d. Filtering 
Not infrequently the wave traces are mixed with 
short-period or long-period "noises": microseisms, 
multiply reflected body waves, instrumental noise, etc. 
The presence of these noises render the spectrum rugged 
and sometimes cause a significant modification of the 
amplitude at periods that we are interested in. Digital 
filtering can be used to remove these interferences. 
The response H(w) of the low-pass filter we employed 
is such that 
H(w) 1 
W + Wr 
w - w 
r c 
{w 
c 
w ..( w~-w 
r - c 
where w 
c 
w 
r 
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w + w 
r 
w - w 
r c 
0 
cut-off frequency 
roll-off frequency 
w <w<w 
c ....._ r 
lw I > w 
r 
The center of the filter may be shifted to w · 
o' 
thereby we may generate a band-pass filter. A detailed 
treatment can be found in a work by Ormsby (1961). 
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Total Energy and Partitioning of Energy for a 
Shallow Earthquake 
Introduction 
The classification of earthquakes into shallow, intermediate and 
deep has an element of arbitrariness in it since there is hardly 
a discontinuity involved in the depth distribution of hypocenters. 
It is nevertheless convenient to employ such terms for general 
descriptive purposes. In the present context a "shallow" earthquake 
is one that generates a relatively large amount of fundamental surf ace 
waves, while in an "intermediate" or "deep" earthquake the fundamental 
surface wave will either be absent or higher mode su~face waves become 
dominant among the later arrivals. 
The procedures involved in either case would be the determination 
of radiation pattern or equivalently in our method, the source 
mechanism, of an earthquake and then integration of the individual phases 
on the seismogram . The method is summarized in the flow diagram in 
figure 6 . For shallow shocks we are going to take into account the 
surface waves . As we have found out that even for a shallow shock 
the surface wave energy in the frequency band considered is about two 
to three orders of magnitude smaller than that of body waves P and S; 
we have neglected the surf ace wave energy for deep earthquakes 
completely, although the higher mode surface wave energy can be of 
considerable theoretical interest. 
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In this section we will give an example of integration of energy 
for the shallow Iranian shock of 1 September 1962. We will first 
determine the radiation pattern of the source and obtain thereby 
the source mechanism; based on these radiation patterns we will on 
the one hand integrate the surface wave energy.and on the other hand 
calculate the corresponding body wave radiation patterns. These 
body wave radiation patterns are used later in body wave integration, 
after the body waves , which are a mixture of P and pP, and, S and sS, 
are unscrambled. Extraction of P and S from mixed pulses is done 
by assuming crustal structure above the source and the radiation 
pattern of the source . Considerable error could be introduced in 
this procedure; however, by using a large number of P + pP and 
S + sS waves, the error will be reduced. 
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Radiation Pattern of Surface Waves and Source 
Mechanism of 1 September 1962, Iran Earthquake 
1. Introduction 
For an earthquake source that is not spher ically symmetric, 
the azimuthal dependence of wave amplitude and initial phase, or 
radiation pattern, is involved. Since the radiation pattern 
is controlled by the characteristics of the source, a study of 
the radiation pattern will provide a better understanding of the 
source mechanism and improvement in energy measurements. 
Gutenberg (1936) discussed the different azimuthal distributions 
of surface wave energy for two shocks that occurred in the 
neighborhood of each other and inferred the different mechanisms, 
and later (1 955) he plotted the azimuthal dependence of amplitude 
of surface waves and magnitude derived therefrom. Brune (1961) 
determin ed the Rayleigh wave radiation pattern for the 1958 
Alaska earthquake using time domain measurements. He found the 
lobe structure of the pattern to conform to the fault motion 
determined by first motion method. Ben-Nenahem and Harkrider 
(1964) formulated the problem of radiation pattern for Rayleigh 
and Love waves from Dipolar point sources in multilayered media. 
They showed the dependence of the radiation pattern on type and 
depth of source, orientation of the motion vector and frequency. 
We will now find the actual radiation pattern of Rayleigh and Love 
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waves generated by the Iran shock of September 1, 1962 at 
different frequencies and derive therefrom, by comparing with 
Ben-Menahem and Harkricler's result, the fault parameters, namely, 
strike, clip, slip angle and depth. 
2. Data Analysis 
Three component long-period seismograms from USCGS WlIBSS, 
Columbia stations in Canada, Japan and Honolulu and some 
other individual stations were collected (Table IV). Azimuthal 
coverage is sufficiently dense in the second and fourth quadrants 
and is relatively scanty in the other two quadrants (figure 7). 
With f ew exceptions R1 or G1 through R3 or G3 could be traced. 
On a number of seismograms the magnifications were high enough 
for R4 or G4 and Rs or G5 to be distinguished. Thus each station 
might provide one or more points on the radiation pattern. The 
determination of the time window was done in much the same way 
as in previous surface wave phase velocity works (see, for example, 
Toksoz and Ben-Menahem, 1963). Owing to the fact that the observed 
seismic signals traveled ove r different paths, it was necessary 
to use a slightly different group velocity window for each case. 
The traces were digitized at three seconds interval and 
subjected to Fourier analysis. Preprocessing consisted of 
removing trend of degree 1 and passing through a 61 coefficient 
low-pass filter, with cut-off at 50 seconds and roll-off at 40 
seconds. Shorter periods were not included because of the lack 
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of power for waves of period less than 40 seconds and of the 
sensitivity of these waves to the crustal structure and diffraction 
effects at the crus tal margin; a more refined technique would be 
required to extract information from this shorter period range . 
Moreover, the fault l ength , as deduced from geo logical observations , 
i s 100 km; the finiteness of source causes the presence of sharp 
minima in spectra for periods shorter than 100 seconds . 
The spectra so obtained were corrected for instrumental 
:\ 
response and converted to ground displacement spectri,JrnS . They 
were then equalized to a fixed distance from the epicenter by 
r emoving the effects of dissipation and geometrical spreading 
on a sphere . The operations involved can be summed up as 
follows: 
where 
f (t) seismogram trace T < t < T1 
0 
= 0 t < T , t > T 1 0 
F(w) r f (t) -iwt dt :: e 
T 
0 y(w)6 A(w) F(w) I(w) - 1 • e . sint-, 
T arrival time of the wave 
0 
T1 - T = time window 0 
F(w) trace spectrum 
6 dis tance of s tation from epicenter 
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y(w) absorption coefficient 
R the radius of the Earth 
0 
ICw) instrumental response 
A(w) equalized displacement spectrum 
The instrument response we used was the theoretical formula 
derived by Hagiwara (1958) for electromagnetic seismographs. 
The response could be calculated quite easily provided the coupling 
and damping factors are given. In the case of HliTNSS seismograms 
it was found that the formula yielded a response quite close to 
the curve obtained analyzing the calibration pulse (figure 5). 
Absorption coefficients used were those obtained by Ben-Menahem 
(1965) (figure 8). This factor is extremely important when 
equalizing waves that have traveled over a long distance due to 
y(w)6 the factor e . 
The resulting displacement spectra were then plotted as a 
function of azimuthal angle around the source. For Rayleigh 
waves we used the vertical component; the equalized spectra 
were plotted directly. For Love waves it was necessary to add 
the two horizontal components vectorially or correct for the 
angle of incidence before plotting. The angles between north and 
the geodesic connecting the epicenter and the station at the source 
(azimuth) and at the station (back azimuth) were computed and 
listed in Table IV. 
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A separate program calculated and plotted the theoretical 
radiation patte.rn as formulated by Ben-Menahem and Harkrider by 
assuming a singlet, a couple or double couple fore~ system for 
various spatial orientations of the motion vector and dep th. 
These theoretica l patterns were compared with the result obtained 
from data analysis to find a pattern that fitted the dat a best. 
The set of parameters that generated the best-fitting patterns 
were taken to be the possible fault parameters of the earthquake. 
This method is essentially a trial and error one but the 
variations of the theoretical pattern is a continuous function of 
the parameters; once the trend is found the range of variations 
of the parameters could be narrowed dm·m quickly. 
Time domain analysis was also attempted; however, the scatter 
of the data was found to be too severe to yield any significant 
result. 
3. Discussion of Results 
The Iran shock of Septembe r 1, 1962 was investigated by 
Ambrasey (1963), Mohjer and Pierce (1963) and Petrescu and Purcaru 
(19 64). Ambrasey and Mohjer and Pierce concentrated the ir 
attention on surface features and damages caused by the earthquake 
while Petrescu and Purcaru did a first motion study . 
Results of the first motion study and the present work are 
listed in Table v. The observed and theoretical radiations are 
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plotted in figure 9. In figure 10 we show the calculated 
radiation patterns for a 100 second wave at several depth with 
different orientations of the motion vector. 
The present study reveals that the source i s a double couple 
equivalent to a shear dislocation on a sinistral reverse fault 
with strike oriented N 80° W, dip 78° , toward southwest, slip 
0 
angle 63 and at a depth of 11 km. This result as we can see 
from Table V is ver:y close to the conclusion reached by Petres cu 
and Purcaru. The depth, however, is different from the depth 
given by USCGS (20 km) or BCIS (27 ± 9). This may be explained 
by the fact that what we see in the surface waves is an average 
feature. Geological observations show (Ambrasey, 1963) that 
the fault surface reaches up to the surface; it is very difficult 
to define the "depth" of this earthquake. 
Apparent on the data plot is the fact that data scatter to 
the west of the source is greater than in the opposite direction. 
This phenomenon is not so obvious for 200 second wave while for 
shorter period waves both the Rayleigh and 1ove wave data show 
some asym.~etry. Part of this fact can be exp l ained by moving 
source theory (Ben-Henahem, 1961). Plotted in figure 12 are 
frequencie s at which the maximums in the spectrum ratio occurs 
for several stations and the solution of the directivity function 
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D ~ (% + cos 80 ) sin~~ (% - cos 80 ) 
~~~~~~~~~~~~~~~~-( % - cos8 0 ) sin~~ (% + cos8 0 ) 
where 
C C(w) phase velocity 
V rupture ve locity 
8 counter-clockwise azimuthal angle measure from strike 
0 
direction 
b fault length 
T period. 
By fitting the phas e v elocity with an analytical function and 
then solve D 0 for frequency we can find the displacemen t of 
the maximums in spectrum-ratio as a function of 6 . In the 
0 
present case, some of the data points are consistent with the 
theoretical calculations for a fault leng th of 100 km and rupture 
ve locity 1.5 km /s e c moving toward west . But there are maximums 
that cannot be explained this way. This fault is probably more 
complicated than a simple horizontal rupture model can explain. 
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Reduction of Body Waves 
Consider two signals f1(t) = f(t) and f 2 (t) = Sf(t) and let g(t) 
be the sum of these two signals after f2(t) has gone through a "black 
box" with impulse response h(t): 
J
oo 
g(t) f(t) + S f (T) h(t-T) dT 
-00 
then, in the frequency domain we have 
G(w) = F(w) l 1 + S H(w)) 
where G(w), F(w) and H(w) are the complex Fourier transforms of 
g(t), f(t) and h(t) respectively. Or, more explicitly, we can write 
where the amplitude and phase factors are separated. Note that 
¢1(w) includes the time delay between f 2 (t) and f 1(t) after f 2(t) 
has passed through the "black box". It is evident that the expression 
in the parenthesis will add a phase shift to ¢ (w) and will impose an 
0 
amplitude modulation on the original spectrum !F(w) I. In order to 
visualize the kind of modulation we encounter, a simpler case will 
be considered first. Let siH(w) I == a and ¢1( w) wt 0 , the expression 
can be written as 
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The behavior of the amplitude and the phase is plotted in figure 11 
for various a's. We see that if F(w) is a slowly varying function of 
w, from the shape of G(w) we may obtain t 0 , and conversely, if we 
know t 0 , we may recover F(w) from G(w). 
Now to be more specific, we refer to f1(t) as P and f2(t) as 
pP. Then h(t) is the impulse reflection response of the crust above 
the source, and B is the amplitude ratio at the source between P and 
the wave that later becomes pP. Owing to the complicated nature of 
H(w) in this case the dips will not be regularly spaced as in the 
case when we let BJH(w) J= a, neither will the phase variations be as 
simple. We have calculated 
1 + sJH(w) I e i$(w) 
for the Central U.S. Crust (McEvilly, 1964) and for several S's 
(figure 13). 
We have neglected the attenuation, geometric dispersion and the 
crustal effects at the r eceiver. But since we assume we are dealing 
with a linear system we can remove these factors beforehand using the 
equalization procedures described in the section on Basic Formulae. 
A practical procedure to obtain the source amp litude spectrum 
of the P wave when P and pP are superposed is outlined as follows: 
(1) Obtain the spectrum G(w) for the P + pP wave . 
(2) Remove from G(w) the effects of attenuation, geomet ric 
spreading, instruments, and the crustal influence at the 
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receiver , to obta in ~(w), namely 
G(w) ~(w)/(I(w) * S(w) * T(w) 
where 
and 
S(w) 
I(w) Instrument frequency response 
T(w) Crustal transmission response at the r eceiver 
-1 -fy(w, 6) d6 
r 0 e I 
sin is 
sin6 cos i 0 
Th . 1 _Jy (u:,' 6) d6 . h. k . b 1' e integra e in t is wor was given y eng 
(1965), and is described in Appendix I. 
Notice that we have treated P and pP as though they 
dis 
have the same i 0 , ih, !~I , and same propation path. 
This is not strictly true, but for shallow shocks it is a 
good approximation. 
(3) Determine tr.e crustal structure above the source, and compute 
A(~ ) = 1 + s!HCw) I ei~,(w) 
For various S's, and also adjust the thickness of the crust 
such that the relative minima of G(w) coincides with those 
of A(w). 
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(4) Finally, divide jG(w)j by jA(w)j to obtain jF(w) j 
j F(w) j -~(w)_!_ 
JA(w) I 
In figure 14 we have presented two examp l es of reduced spectra . 
The equalized spectra are the Fourier spectra of the P waves recorded 
at STU and BAG by long-period WWNSS syste!ns compensated for absorption 
and geometric spreading. The transfer functions were calculated by 
using Tedzhan structure (Godin ~_!_ al, 1961) at the source and the 
Southern Germany and the Oceanic structure (Steinhar t and Myer, 1961) 
for STU and BAG respectively. We have also processed the P wave at 
ALQ in the same way . Efforts were made to make the shapes of the 
"source spectra" to be simi l ar. The same technique was applied to 
the S wave. The resultant spectra were less satisfactory than 
those for the P waves. 
The procedure described here is only an approximate way to 
eliminate a possible factor of 2 in the average amplitude. The total 
energy computed after this will be improved by l ess than an order of 
magnitude. 
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Integrat ion for Energy 
{)_; 
Based on 8 spectrums for surface waves (Rayleigh and Love waves ), 
3 for P waves and 2 for S waves the results listed in Table VI 
were obtained. Also lis t ed in the table are the source parameters 
and the energy calculated by using Gutenberg-Richter's formula . 
The following observations were evident from the Table : 
1) The sum of P and S energies i s an order of magnitude higher 
than tha t predicted by Gutenberg and Richter's formula for 
the total energy of t he earthquake. 
2) The surface wave energy in the band specified is 3 orders 
of magnitude smaller than body wave energy . 
3) P wave energy i s approximately 1/30 of t he S wave energy . 
The body wave to surface wave energy r atio is much higher than 
that obtained by other authors e.g., (Bath, 1958 ); the magnitude 
of the surface wave energies itself is comparab le, but thei r body 
wave energy estimates were much lower (s ee the discussion in a later 
section). The r a tio we obtained is quite close to that predicted 
by our simple half-space theory . 
The partitioning of energy between P and S is of special interest 
to us because it is pertinent to our discus s ion of the cause of 
earthquakes whethe r phase change or material failure or whether 
tectcinic strain rel ease is involved. The pa rtitioning seems to conform 
to our theoretical calculations. This correspondence could be, however, 
fortuitou s ; our source mode l may not be the correct one. 
Introduction 
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Energy Content of P and S Waves for an 
Intermediate and a Deep Earthquake 
In this section we shall estimate the energy content of the P 
and S waves from an intermediate and a deep earthquake. It 
is evident from the seismograms from earthquakes at depth that the 
source excites both fundamental and higher modes surface waves, bu~ 
based on experimental data and theoretical calculations (Harkrider 
and Anderson, 1966) that we mentioned in the last section, we can expect 
the energy involved to be not very significant. Besides, the 
identification of higher modes is not beyond doubt. 
It will be shoi;.m in the following section that for an intermediate 
earthquake the radiation pattern of the P wave obtained by frequency-
domain analyses of the P pulse on the records conforms quite well to 
the theoretical pattern calculated from theory (Ben-Henahem ~.!_ al, 
196~ using the fault elements derived from the first motion study as 
the input parameters. The same conclusion Has reached by Teng and 
Ben-Menahem (1965). It is our contention that when the source 
mechanisms of earthquakes are determined by first motion studies, we 
can calculate the energy in P and S for these earthquakes from 
seismogram records at one station. 
In the present section we shall work out in detail the first 
motion and the radiation pattern of P wave and derive therefrom 
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the source mechanism of an intermediate earthquake in the Tonga region. 
We will integrate the seismogram, after proper equalization, to get 
the energy content of P and S waves. We will also obtain the energy 
content of an earthquake in Banda Sea, the radiation pattern and 
source mechanism of which have been published by Teng and Ben-Menahem 
(1965). 
First Motion Study of July 4th, 1963, Tonga Earthquake 
The principles regarding the first motion studies of earthquakes 
have been propounded and summarized by many authors (see , for example, 
Honda, 1956; Scheidegger, 1957; Hodgson and Stevens, 1964). In general, 
the physics involved is the same among the different schools, the 
main differences are the projections they used to plot the data and 
the drawing of fault-planes. Here we shall follow a procedure suITL111arized 
by Ritzema (1957): 
1. Determine the initial motion data of P and S at stations 
distributed throughout the world. 
2. Determine the azimuths and the distances of the stations from 
the source, and the azimuth of the source from the station. They 
can be calculated by using Rudoe's formula (Bomford, 1952). 
3. Determine the angle ih at which the wave left the source. 
A set of (ih, 6) curves for various deptts by Ritzema 
(Ritzema, 1957) can be used for the purpose. 
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4. Plot the compressions and dilatations of P in a polar diagram 
in the appropriate azimuth and at a distance of tan(ih/2) 
from the center. 
5. Separate the compressions and dilatations by two nodal lines 
that are perpendicular to each other and follow the course of 
meridional lines of the Wulff net. 
6. Plot the S wave vector. 
7. Determine the elements of displacement vectors using the 
Wulff net. 
The advantage of this method i s that the fault plane, auxi liary 
plane and the displacement vector can easily be visualized on a 
stereographic projection. There is some difficulty in choosing between 
the t wo orthogonal planes for t he fault plane. If the S pattern 
follows that of a single couple pa ttern, this problem can be solved; 
in our case the S vector pattern seems to result from a double couple 
source , hence such r eso lution was i mpossib le. We have to r ely on the 
information as to the prevail ing force system in the r egion concerned, 
and make the final decision from amplitude data. 
The Tonga earthquake of July 4, 1963 had a magnitude of 6~ and 
a depth of 158 km . The records we used are t he matched three component 
long-per iod r eco rds from the WWNSS stations. The stations we us ed , 
the fir st motions (+or - ) of P the dire ction of S vector, as well as 
other data pertinent to the earthquake i s presented i n Table VII. A 
few fir st motion readings were taken from station report s (for non-
WWNSS stations), t hese are marked with aster i ks in the table. 
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The first motions of P are plotted in figure 15 . We can easily 
draw one meridional line separating the dilatations from the compressions, 
the other meridional line was fixed by noticing (1) it has to be 
perdicular to the other one, (2) the amplitude of P at SPA is vanishingly 
small, (3) the amplitude at the New Zealand stations are all small. 
(2) and (3) suggest the proximity of those stations to one of the 
nodal lines of P. With this information we draw the other nodal line, 
which was found to be the fault-plane. 
We have plotted the S wave vectors in the same figure. The 
pattern of S wave suggests a double couple source. 
Of the two nodal planes we obtained one is parallel to tl:e trend 
of the Tonga island arc, the other perpendicular to it. Based on 
the amplitude data of the next section we have chosen the former to 
be the fault plane. It strikes at N26E, with 8 = 68° and ~ = 212°. 
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Radiation Pattern of P Wave 
1) Introduction 
The method of obtaining the body wave radiation pattern has 
been discussed by Ben-Menahem ~ al (1965) and applied to a study 
of a deep earthquake in the Banda Sea by Teng and Ben-Menahem 
(19 65). Here we shall proceed to describe our data analysis. 
2) Data and Data Analysis 
The data we used i n this investigation were exclusively 
long-period records from the 'W\-VNSS stations. The station 
abbreviations, epicentral distances, azimuths, and back azimuths 
are listed in Table VII. 
Each P wave trace was digitized from the paper record at 
irregular intervals, with the intention that linear int erpolation 
will l ater be used to obtain values at 1 second intervals. The 
interference of PcP on some traces requires tapering at the end 
to minimize the effect. The traces were plotted and checked and 
detrended (degree 1) before we sub j ected them to Fourier analysis 
within the frequency window 0. - 0.2. The Fourier spectra are 
punched on cards for further processing. 
3) Equalization of the Spectrum to the "Focal Sphere" 
The equalization process can be separated into three steps: 
a) Remove the effects of the crust and the free 
surface at the receiver. This is done by using 
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the Haskell matrix method (Haskell, 1962) to 
calculate the transmiss ion coefficients of a stack 
of solid layers at the spec tral frequencies of our 
data, and divide the spectrum by the coefficients 
(fo r the amplitudes only). The choice of a crustal 
structure under the receiver presents some problem 
since we very seldom have the informa tion right 
und er the station. As an approximation we have 
used published crustal structures i n regions 
adjacent to the place in question. It was pointed 
out by Ben-Menahem et al (1965) that for periods 
longer than 10 seconds the influence of the crustal 
structure is not significantly differen t from one 
model to another . We used severa l continental 
structures published in a work by Steinhart and 
Meyer {1961) for continental stations and an average 
oceanic structure (Raitt, 1963) for oceanic stations. 
b) Remove the effect of geometric spreading along a 
curved ray. 
This is done by multiplying the spectrum by the 
frequ ency independent factor 
r 
0 
d6 
dis 
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sin6 cosi0 1~ 
sin is 
d6 As before di i
0
, is are obtained from curves 
.S 
published by Ritzema (1958) for a depth of 0.03 
Radius of the Earth. 
4) Compensate for the anelastic loss of energy. 
This is a frequency dependent compensation: the spectrum 
is multiplied by 
I y(w, 6) d6 
e 
I ds 
e c Q (r) V(r) 
where r is the distance from the center of the Earth to the point 
on the ray, Q is the intrinsic loss factor of the material, V th~ 
velocity and c is the ray path. (Appendix I) 
The above three operations convert the observed spectrum 
at a station to a point on the focal sphere, namely 
r F(w) T(w) I(w) - I S!._~ I~ 
o dis 
J y(w, 6) d6 
e 
sin6 cosi 0 1 
------1"2 
sin i 
s 
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as prescribed in the section on Basic Formulae. 
5) Determination of Source Mechanism 
The equalized spectrums are then plotted as a two dimensional 
curve with amp litudes as ordinates and along the abscissa 
stations are arranged in the order of increasing azimuthal angle 
(figure 16). The actual radiation pattern is a three dimensional 
one; we have suppressed in dimension. 
We then calculated the theoretical P wave radiation pattern 
using the 8, A and strike direction obtained from the first 
motion study as trial values, the 8' A and strike direction are 
then varied to find a best fit to the observed pattern (figure 16). 
The answers we arrived at are 8 = 63° A = 208° and strikes at 
N24°E. This is indeed very close to the result of first motion 
study. We have also shown the corresponding P traces at those 
stations we used in the radiation pattern plot. (Figure 16). 
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Integration for Energy 
As in the case of a shallow shock, once the radiation pattern 
has been determined the integration for energy is relatively easy . 
Theoretically, we should be able to obtain the energy in P or S using 
one three-component set of seismograms. However, owing to the noise 
problem, there will be some fluctuations in the spectrum that could 
cause the frequ ency integral to vary from one station to another 
even after the corre ction for r adiation pattern is made. A better 
approach to this problem is to choose as many spectra as we can, 
preferab ly with stations. located at the maxima of the radiation 
pattern as we have done in the case of surface waves in the previous 
section. 
The results of integration for the P wave based on 7 stations 
and S wave based on 2 stations are listed in Table VIII. 
It is seen again that the energy we obtained is considerab ly 
higher than that predicted by applying Gutenberg and Richter's 
formula . The P to S ratio in this case, however, is small compared 
either to the theoretical results we obtained or to that of Haske ll's. 
We shall discuss this fact in a later section. 
Banda Sea Deep Earthquake of 21 March 19 64 
The first motion study and the radiation pattern of this 
earthquake had been published by Teng and Ben-Nenahem (1965). They 
had shown also that the fault elements de rived from the first motion 
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study can be used as input parameters to the theore tical radiation 
pattern given by Ben-Menahem ~ al_ (1965) to predic t the spatial 
variation of the P wave amplitudes. The t echniques used in Teng 
and Ben-Menahem's work are essentially the same as those we employed 
to investigate the Tonga Earthquake. 
For the energy integration we have used the P spectra from 
SEO, BAG, HKC, MUN, TAV, RAB and COL and the S wave sp ect ra from 
SEO and AFI. The results of integ ration together with other pertinent 
data are presented in Table IX. 
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Calculation of Energy for Earthquakes with Knovm 
Fault Mechanisms 
In the previous section we have shown that at least for 
intermediate and deep earthquakes the amplitude radiation pattern 
can be predicted by theoretical formulation (Ben-Menahem et al, 1965) 
with fault elements obtained from first motion studies. We will now 
use seismograms from one single station (Pasadena 30-90 records) 
to calculate P and/or S energies from several intermediate and deep 
earthquakes for which the source mechanisms have been derived from 
first motion studies by Hodgson and Metzger (1961) and Hodg s on and 
Wickens (1965). 
Listed in Table X are the earthquakes we used together with the 
fault elements, the Richter magnitude and the energies obtained by 
integrating the Pasadena records. 
The wave forms are traced out in figure 17. 
Although these earthquakes all have magnitudes around 7, the 
energy we obtained for them have values that are quite different; 
some earthquakes with smaller magnitudes have higher energies and 
vice versa. For example, the earthquake (1) has a larger magnitude 
than earthquake (6), but the final energy is slightly lower. Indeed 
the Pasadena record shows a very large P wave for the former and a 
much smaller one for the latter, but the combined effect of the 
source being located near the commencement of the high Q zone and that of 
Pasadena being near to the maximum of a radiation pattern lobe in the 
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case of earthquake (1) and the opposite for earthquake (6), the energy 
situation is reversed. The SV wave of earthquake (1) and the SH wave 
of earthquake (6) yield similar energy in spite of the fact that the 
SV wave of earthquake (1) has a shorter dominant period than the SH 
of earthquake (6); the distance and the location of the hypocenter 
of the latter more than compensated for the diff erence in period. 
From the results presented in Table X it is again evident that 
the S wave energy is at l east an order of magnitude higher than the 
P wave energy . 
This method of determining the energy has t wo apparent short-
comings: 
a) Uncertaint ie s in source mechanism determination can cause 
the energy to be overestimated or underestima ted. In the 
Dominion Observatory reports the number of inconsistent 
polarities is given for each earthquake; the number is quite 
high some times. The inconsistency could be due to instrument 
polarity uncertainties, but could also be due to the error 
in choosing the fault-plane solution. 
One way to improve the r esult with the least amount of 
labor would be to acquire seismograrns from \~,'NSS stations 
located near to the calculated maxima of the radiation pattern; 
us e these seismograrns to check the accuracy of the fault-plane 
solution and improve the accuracy of t he frequency integration. 
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b) Each station can only determine the energies of earthquakes 
in certain regions due to the presence of the shadow zone 
for the body waves. This can be remedied, of course, by 
using more stations. 
It is hoped that further work in this direction will 
be done to see whether this method would give a better result. 
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Free Oscillation Energy 
As we mentioned before we can integrate the energy of earthquakes 
only within a certain frequency band owing to the inhomogeneous and 
absorbing nature of the Earth at the high frequencies and limited 
response of the conventional instruments at both ends of the spectrum. 
However, using special instruments like Benioff strain seismometer, 
gravity meter or other instruments geared to long-period waves, we 
can at least extend the estimate to free oscillation frequencies 
for large earthquakes. We will first investigate the theory and 
practice for obtaining the free-oscillation energy. 
-+ 
u 
s 
The displacement field for a certain mode can be written as 
r U(r) P m eim¢ + r V(r) V 
Q, 
for spherical modes, and for toroidal modes we have 
Thereby we have 
-+ 
u 
s 
m 
P (cose)' 
Q, 
+ imt_ porn (cose)J eim¢ 
sine ,., 
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The strains in spherical coordinates are 
e 
rr 
1 
r 
1 
r 
U' (r) 
[ V(r) 
Ur 
+ --
r 
m im cp P (cos 8) e Q, 
1 
r 
( V(r) PQ,m (co s8 )" + U(r) PQ,m (cos8 )J 
im cp 
e 
n1 2 ,l 
cot8 - - --- V(r) Pm (cos8) + U(r) PQ,m(cos8)J 
sin28 Q, 
im<P 
e 
er 8 r-~ V(r) PQ,m (co s8)' + (v'(r) - v;-~L) PQ,m (co s8 )' J eim<P 
[ 
im 
r sin8 ( ) 
m( ) + (V' (r) - V(r)_) p m( e ) _im _ J eim <jl V r PQ, cos 8 r Q, co s sin8 
2 im V(r) [ 
r sin8 P Q,m (cos 8)' - cot 8 Pt (cos 8) J eim<jl 
From the express ions for e , e and e and the associated 
rr 88 <jicp ' 
Legendre equation we have 
(e + e + e ) 
rr 88 <jicp 
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For the torsiona l modes , we have 
A 
w(r) eirn¢ [ Sim_ p rn (cos8) - ¢ P m (case )' J. 
sine £ £ 
The strains are 
eee - e¢¢ 
[ im W(r) 
sine [o - m) p rn £ (case) cote + p£ 
e¢¢ - W(r) [ m2 p rn £ (case) -
p m 
£ (cas e)' cote --
sin2e 
=-W(r) [ 2 P £m(cose)" m J im¢ £ ( £ + 1) P £ (cas e) e 
(w' (r) - W(r)) 
r 
- (w' (r) - W(r)) 
r 
In These expres s ions 
irn¢ irn e 
sine P m (cas e) £ 
rn irn ,i. P (cas e)' e 't' 
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P m = associated Legendre Polynomial 
£ 
rn+l 
p m 
£ 
~. u, e = unit vector s in the direction of r, e and ¢ 
e = strain components 
rr 
£ = polar order numbe r 
(cosa)J } eimj 
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m azimuthal order number 
The correspond ing stresses for both spheroidal and torsional 
modes can be written as 
where 
T.. A. M .. + 2µe .. lJ lJ lJ 
0 .. lJ 1 for i = j and o .. = 0 for i # j. lJ 
The potential energy can then be calculated by the formula 
E ~ ff J 
v 
T •. e .. dv lJ lJ 
where V is the total volume of the earth. 
The results are 
(2Hl) ( £-m) ! r { (H2µ) (r 
0 
P.E. 
rr/E ( Hm) ! 
m 
u 
'i2 - 2 £(£+1)µ v£2 
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For the spheroidal modes and 
r µ(r) 
0 
{ 
dW 9, (r) 
(-~ P.E. 
n/t. (Hm) ! £(Hl) 
m 
(2Hl) (£-m) ! 
r 2 dr 
For the torsional modes (Kovach and Anderson, 1966). These quantities 
have been calculated by Kovach and Anderson for m = o using Gutenberg-
Bullen A earth model. 
Presently, data from three kinds of instruments are used for 
analyzing the free oscillations of the Earth. Namely, the strain 
seismometer, the pendulun: seismometer and gravime ter. From an energy-
measuring point of view three horizontal strain seismometers 
would suffice to determine the energy in both the spheroidal and 
torsional modes. In case of pendulum seismome ter we need all three 
components~ With a single gravity meter it is impossible to obtain 
the total energy; it must be coupled with other instruments for the 
purpose, since the radial gravitational force can be written as 
CliJ; d 
p--06-p 
ar ar (1/J+U(r) 
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where, 6. and U(r) have the same meaning as above and \/; is the 
perturbed gravity potential, which in its unperturbed state is 
ljl , p is the density. There are three unknowns in this expression, 
0 
namely U (r) , V (r) and \/; (r) ; they can't be solved by using gravimeter 
data alone. 
When using strain measurements we have to solve U(r), V(r) and 
W(r) from a combination of e 88 , e¢¢ and e 8¢. 
In general 
2 + . + . 2 e 88 COS E e 8¢ COSE sins e¢¢ sin E 
and 
where s is the angle between the NS strain instrument and the great 
circle through the source and the station. Before we can solve for 
U, V, and W we have to have some information of m, the azimuthal 
order number. This number is determined by the source radiation 
pattern. If the recording stations are very densely populated 
around the source a spherical harmonic analysis can actually yield m. 
Lacking such information we have to obtain the source parameter from 
other informations, calculate the surface wave radiation pattern and 
apply it to this case. Since the wave lengths under consideration 
are very long compared either to the source dimension or to the 
depth of the source, the half-space point source solutions of Haskell 
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(1963) can be applied here as an approximation. The spheroidal 
oscillations can be taken as very l ong period Rayleigh waves and 
the troidal oscillations as very long period Love waves (guided SH 
wave) we can use the Rayleigh wave pattern and the SH wave pattern 
respectively for these two modes of oscillations. Those radiation 
patterns are linear combinations of cosm~ and sinm~ 's, where m ~ 2. 
Hence, as can be seen from the expressions for e 88 , e~¢ and 
e 8¢, given 80 the polar angle of the station with the source located 
at the pole) and 80 the azimuthal ang l e counted from the direction of 
the strike of the fault, we can solve for V(a) , U(a) and W(a) , 
where a is the radius of the Earth, when the experimental values of 
the strains are supplied. 
Haskell (1963) gave the radiation pattern for horizontal component 
Rayleigh waves irt an homogeneous half-space as follows: 
x ( ~, w, r, h) 2 A(k, r, h) 
- i { D- ( y-1) I y } 
-rri/4 
e 
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where 
D = e-h ( ~ - J f3 ) 
'Y}= k 2 - (W/rx.) 2 
yjl'-= k2 - (W/;a)2 
CR /k = phase velocity of Ray l e i gh Wave 
n. the component of the unit vector normal to the fault p l ane. 
l 
f. the component of the unit vector in the direction of displacement. 
l 
(Table XI) 
y 2( Sk /w) 2 
Values of f. in terms of the dip angle 8 of the fault plane a r e lis t ed 
l 
in Table XI. It is to be noted that we can obtain the solutions for 
fault with arbitrary slip-angles, i.e. 
A # o0 or 180° (strike-slip) and A # 90° or 270° (dip-slip) 
by combining properly the solutions for strike- and dip-s lip fault. 
For our purpose we shall put Haskell's solution in comp lex-form: 
xC¢, w, r, h) 2 A(k, r, h) -rri/4 e [ e i(¢ - 8') 
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where 
Referring now to the formulas for the displacement as well as 
the strain expressions, we have defined the weighting factors for 
the rn dependent part. Namely 
azimu t hal order No. weighting factor 
rn 0 iB1 
1 B2 
-i8' 
m e 
2 iB3 
-i8" 
m e 
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For torsiona l modes, as a fir s t approximation , we can us e the 
r adiation pa tt ern of SH in an infinite space (Ben-Henahem ~ al, 1965). 
For ih large (beyond critica l ang l e ) the source ca n be t aken as m = 2. 
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Free Oscillation Energy of Alaskan Earthquake 
The great Alaskan Earthquake of March 28, 1964, excited 
very long waves that were recorded at Isabella on strain 
seismometer (Smith, 1966) and ultra-long period seismograph 
at Berkeley (Nowroozi, 1965) among others . Using this data we are 
able to determine the energy of fundamental mode oscillations for 
orders from 2 to 15. The source mechanism of this earthquake 
has been worked out by ToksHz from long period Rayleigh and Love 
waves (Toks~z, M. N., personal communication, January 15, 1966). 
The results are: 
Strike 
Dip 65° ± SO 
Slip 300° 
Force system 
N 41° E 
S 49° E 
double couple 
These parameters will be used to determine the m's and the weights. 
1. Calculation of Ut(a) from Isabella strain data. 
The data was in the form of power spectrum densities 
(Smith, 1966); these can be reduced to strain2 by multiplying 
to them the band width. The squareroot of the reduced 
quantity is the absolute value of the strain. In order 
to use the displacemen t-energy table calculated by Kovach 
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and Anderson (1966 ; see Table XII), we mus t solve 
a system of simult aneous absolute value equations of 
whe re 
2 im cj> 0 a' I m Am P £ (cos8 0 ) e 
m=o 
2 imcj> 0 b' = c I Am p m (co s8 )" e 9, 0 
m=o 
c' a' 
2 
d' cI A~ (Pim cos 8
0 
where 
m=o 
A 
0 
c 
-iB' 
B2 e 
-i8" 
i B3 e 
i k C '1 - 1 ) I 'I v~ 
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B. 's are functions of source parameters and frequency, 
1 
the four coefficients a' 
' 
b I> CI > and d' are therefore 
also functions of the same quantities plus £ and m. 
We have solved the system of two simultaneous absolute 
value equations numerically on the computer for orders 
2 to 6. Although we also have the higher order strain 
d m data, but becaus e the values of de PQ, (cos8) vary 
very fast for large £, the effect of assumed radiation 
pattern as well as epicenter location error can cause 
great uncertainties in the values of Ula) we obtain. 
It is advisable to use vertical displacement data 
for large £ since only PQ,m are involved in reducing 
the data to U Q, (a). 
For the torsional modes, it is relatively easy to 
solve for W(a). Using the relation e 88 = - e¢¢ for 
torsional modes, we have 
2 
I 
mA 
m 
sin8 [(l ) P m( 8 ) t 8 + p m+l (cos8 )J jeim8oj -m Q, cos 0 co 0 £ 0 
m=o 
After UQ,(a) or WQ,(a) is obtained we cbrrect it for 
attenuation by using published Q values (Benioff et al, 
1961; Alsop ~ al, 1961) the measured value U _la) can 
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be expressed as 
where T = period, T = record length and A'},
0 
the 
original amplitude. (Kovach and Anderson, 1966); it is 
easy to obtain A'},
0 
from this expression. 
2. Calculation of U (a) from Berkeley Pendulum data. 
->-
u 
r 
The displacement field can be written as 
->-
a 
r 
m 
l 
Q.=o 
m 
l 
9,=o 
m 
l 
9-=o 
m 
l 
m=-9, 
m 
l 
m=-9-
dP rn 
'}, 
d8 
im¢ V ( ) 
e n '}, r 
sine 
for spheroidal modes. 
When we use one station to find U'},(r) we have to 
normalize it by dividing the amplitude with 
2 
l A P rn (cose ) eimfo m '}, o 
m=o 
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8 and ¢ are the coordinates of the station with the 
0 0 
source located at the pole and ¢ counted from the 
0 
direction of the fault. A has the same values as 
m 
before. After we have obtained u1 (a) we can use the 
same procedure as in the case of strain data to obtain 
A10 . A10 can now be used in connection with displacement 
energy tables to calculate the energy in each order. 
The total energy for each order will be a weighted sum 
of energies form= O, 1, 2 (Table XII). The weights 
are the squares of the ones we used for amplitudes . 
Namely 
The energy in order 1 will then be 
The results for the spheroidal oscillations are presented 
in Table XIII. 
The sum of the fundamental mode energy from order 
2 to 15 is of the order 1023 ergs. Alaskan earthquake 
has a magnitude of 8.3 (±.3); using an energy-magnitude 
formula of the form 
log E 11.8 + 1.5 M 
will give a total energy of 3.3 x 10 24 ergs. But, as 
we asserted before that the earthquake generated a very 
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complicated P wave, the actual energy could be higher 
than that calculated from the energy-magnitude relation, 
assuming the relation to be correct. In other words, 
it is possible that the energy in the low order 
spheroidal oscillations is at least one to two orders 
of magnitude smaller than in the body waves. 
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Energy Estimates of Jeffreys, Gutenberg and Richter and Others 
The results presented in the previous sections all indicated 
that the energies we obtained for earthquakes around magnitude 7 
are at least one order of magnitude higher than that calculated 
from Gutenberg-Richter ene r gy-magnitude formula. 
Given seismograms r ecord ed all around the sourc e , the density of 
the material and the veloci ties of the source, we can obtain the energy 
for each phase, P, S, Rayleigh or Love wave, by (1) equalizing the 
spectra of seismic waves b~ck to the source (2) obtain the radiation 
pattern from the data or from calculat ions using source mechanism, 
and (3) integra t e the square of ve locity spect r a . This is essentially 
what we have done . We shall now outline the me thods used by other 
authors, so tha t we can have some idea of where the discrepancy 
might come in. 
1. Jeffreys (1923) modified an earlier (Galitzin, 1915) 
method to estimate the energy of the Pamir landslide of 1911, 
February 18. The formula he used was 
E v dt 
T 
for body waves, where the def inition of 6, p, ·r , v are the 
same as elsewhere in the presen t work and a's are the 
amplitudes on t he three comp onents, T is the period of the 
"sine wave". This formula was essentially what Galitzin 
2. 
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used; however, Galitzin used this same formula indiscriminately 
to all the waves on the seismogram, body waves as well as 
surface waves, while Jeffreys assumed all the "long waves" 
are Rayleigh waves and employing the following formula for 
energy 
E s,, 3 p R sin6 I dt 
where, in addition to the factors we have already encountered 
we have H 7.06lf, V = Rayleigh wave velocity, and a here 
denot es the horizontal component of the ground motion . H 
is actually a conversion factor for the half-space Rayleigh 
wave, such that given the amplitude on horizontal component, 
the energy can be evaluated by the fonnula above. 
Gutenberg and Richter's approach to energy calculations 
consists mainly in the establishment of a functional relation 
b~tween a parameter measurable on the seismogram and the 
indepen~ently assessed energy of the earthquake. We shall 
therefore discuss two problems pertinent to this approach : 
(a) Is it possible to obtain, from the three component 
tecords of a single station one parameter, such 
that it completely describes the characteristics 
of an earthquake . 
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(b) What is the significance of the Richter magnitude 
scale. 
(a) Because of the non-spherical radiation pattern, 
the amplitude of a single phase P, S, R or 
G will depend on the position of station 
with regard to the orientation of the motion 
vector. It might be suggested that the 
maximum of P often coincides with the minimum 
of S and vice versa; the same relation also 
appears to hold for G and R waves. However, 
it is clear that the body wave radiation 
patterns are functions of the form 
f(B, ¢; 8, \) and fundamental mode surface 
waves radiation patterns are of the form 
g(¢; 6, A, h;w) h being the depth of the source, 
the other variables have the same meaning 
as elsewhere in the present work. Therefore, 
even neglecting the problem of signal-noise 
ratio, and phase identification, it is not 
possible to locate a station on the radiation 
pattern. In other words, it is impossible to 
determine the source mechanism of an earthquake 
from a single station. There is some hope 
that the spectrum of P, S,R or G waves may 
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indicate the "size" of an earthquake. 
Empirically, it is true that large earthquakes 
do give rise to longer waves; more studies 
of source time function and areal extent of 
the earthquake are needed before we can 
extract one or two parameters from the 
spectra to determine the "size" of the 
earthquake. 
(b) The Richter magnitude was devised mainly for 
the purpose of earthquake statistics studies 
(Richter, 1963), that is to say, one single 
determination of the magnitude of an earth-
quake may not be significant, but, over a 
period of time, with reports from a few 
stations around the world, the spatial and 
temporal distributions of magnitude is a 
good measure of the seismicity of a region. 
However, Richter (~-· cit.) repeatedly 
warned that the magnitude may not be definitely 
a measure of energy, and that, physically, 
the assumption under which the magnitude 
scale is constructed, namely, one earthquake 
differs from another only in a constant 
multiplying factor applied to all the 
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displacements, velocities, and accelerations 
in the elastic waves at any distance from 
the epicenter, is an unlikely one. Not 
infrequently, the magnitude estimated by 
different stations differ by 1 or more, 
evidently as a consequence of the asymmetric 
radiation patte rn (Gutenberg, 1955). Further 
complications arise when large earthquakes 
like the Chilean earthquake of 1960, Alaskan 
earthquake of 1964 and the Rat Island earth-
quake of 1965, the body waves are long and 
complicated, suggesting that for a f ault extending 
for a length of several hundreds of kilometers 
the motion could consist of several impulses 
in succession. Underestimation of the 
magnitude would ensue if only one maximum 
amplitude of the P wave train was measured . 
But barring such extreme cases, magnitudes 
for relatively small or deep earthquakes, for 
which the wave shapes are relatively simple 
and similar, may sufficiently define the 
"size" of the event. 
In order to determine t he coefficients of a relation 
between energy and magnitude of the form log E = a + b M 
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where E is the energy and M the magnitude, we have to evaluate 
E independently. Gutenberg and Richter (1942) used a 
simplified version of the formula for kinetic energy: 
E s.• p l h2 + 4 •• c •• - h) sin2~ • } I v A2 ,-• dt 
(Bullen, 1963). This was derived under the assumption of 
uniform radiation in all directions, the wave path being a 
straight line and the waves 
diminishes as l/R2 , R being 
the straight-line distance, 
the expression in the 
parenthesis is the square 
of the distance. A is the 
amplitude of the 
wave, T its dominant period, and V the velocity. In practice, 
the integration is converted to summation. Gutenberg and 
Richter (~. cit.) tried to use near epicenter data, i.e., 
ti ~ 0. For which 
E Srr 3 h2 J v A2 T-2 dt 
Further assuming 1) the radiated energy consists of a series 
of n equal sinusoidal waves of length A, amplitude A and 
0 
period T , 2) acceleration = 4n 2A 2./T 2 = a , 3) nA = vt 
0 0 
E 
with v 
1 
4n 
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h 2 vt pa 2 
0 
3.0 km/sec, E in ergs, we then have 
log E = 14.9 + 2 log h + log t + 2 log T + 2 log a 
0 0 0 
From this point on the authors used empirical relations 
between t , the duration of the strong shaking, and M, 
0 
between T , the dominant period of the wave, and M, between 
0 
a
0
, the acceleration, and M. h is supposed to be 18 km, 
the "normal" depth for California shocks. The functional 
relation arrived at was 
log E = 11.3 + 1.8 M. 
In a subsequent paper (Gutenberg and Richter, 1955) the 
relation between t , T , a and M are revised, and log E 
0 0 0 
was related to A /T and M, the relation was changed to 
0 0 
log E = 9.4 + 2.14 M - 0.054 M2 
The method of obtaining the coefficients was more or less 
the same as used in previous papers. 
It is to be noted that the data on which these 
relations were derived are from local earthquakes, at distances 
of a fe>-t kilometers to 400 km., and the amplitude read was 
mostly S wave amplitudes for the 1942 formula and a value of 
E5 /Ep = 2 was assumed in the 1956 formula. 
The values of total energy obtained by the energy-
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magnitude relations seem to be on the low side. This is 
especially true if one is using USCGS data, which are 
averages of the magnitude determinations at several stations, 
and are often lower than the Pasadena, Palisades or Berkeley 
results. 
There are several causes for the apparent discrepancy 
between the values obtained in the present work and thos e 
obtained by using the rela tions above; some of the factors 
lead to over-estimation of the value \~1ile others lead to 
underestimation: 
a) Azimuthal dependence of amplitudes, this may cause 
error in either direction of an order of magnitude 
or so. 
b) Most of t he observations were made on narrow band, 
short-period instrument recordings; t and a 
0 0 
might be underestimated, hence log E. 
c) Frequency dependent attenuation has not been 
considered; causes underestimation. 
d) The most severe error could be due to the fact that 
in distances within which Sn or Pn, as the case 
may be, is the maximum phase. And these conical 
waves fall off theoretically as inverse distance 
squared in amplitude (Erekovskikh, 1960). The 
distance compensa tion in the energy formula i s 
therefore inadequate. 
3. 
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Bath (1955, 1958) used for body waves the full version 
of the formula 
81r 3 p + 4 r (r - h) sin2 ~ 
o · o 2 } J dt 
where p = 2.78/cm 3 , h = 20 km, r = 6370 km, c = 6.0 km/sec. 
0 
for P wave and 3.4 km/sec for S wave. And a formula similar 
to Jeffreys ' (1923). 
E 4,3 p r
0 
sin' eY' J H v (A/T) 2 dt 
for surface waves, where p = 3.3 g/cm3, r 
0 
y = 3 x 10-lf/km and v = 4 x 10 5 cm/sec. H 
Jeffreys'. 
6 . 3 7 x 10 8 cm , 
1.1 vT as in 
As pointed out by Bath (1955), in the body wave energy 
calculations he had neglect ed radiation patterns of the 
source, the attenuation and the crus tal effects at the 
receiver. In addition to these , he also neglec t ed the 
effects of the curved path; the combination of thi s factor 
with the attenuation has been called "diminishing factor" 
and been calculated for various epicentral distances and 
frequencies by Teng (1965). It was estimated that at an 
0 
epicentra l distance of 70 , 10 second P wave energy will be 
attenuated approximately 10 times , and 1 second P wave energy 
will be attenuated 200 times . S wave wi ll suffer a much more 
4. 
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sever~ attenuation. These may be the reasons why the total 
energy and the ratio E5 /EP = 1.5 are low. Bath's (1955) 
surface wave energy might be slightly higher because of 
the high attenuation coefficient he us ed (3 x 10-4 /km), 
his neglect of r adiation pattern, and inclusion of 20 second 
oceanic Rayleigh wave in some cases. (Appendix IV) 
Russian seismologists working in the field of earthquake 
energy are mainly concerned with the evaluation of seismicity 
in a region. There are several slightly different versions 
of formulas for estimating the energy, but the one commonly 
referred to is the TESE (the Tadzhik Combined Seismological 
Expedition) formula. We will discuss here a work by Aronovich 
(1963), who used a similar formula and gave a rather detailed 
treatment of the energy of Crimean earthquakes. 
The basic formula used was 
41rp v-.-- s P, 
n 
r 
n-2 R J
t u- -
P,S 
0 
(t) dt 
Here r is the hypocentral distance and U(t) is the velocity 
of P or S. The evaluation is done within an epicentr al 
range of 100-150 km , the direct P and S waves are the 
principle energy carrier. They are denoted by P and S. 
n is empirically determined by observing energy density 
decay with di stance . R is the radius of integration, 
estimated from the duration of S waves . 
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The formula is otherwise similar to that of the other 
authors except the exponent n and the "radius of integration" 
concept. The exponent n was actually measured; if the 
identification of waves was consistent, the error for 
geometric spreading correction can be minimized for near 
0 shock distances. n-2 The factor R does not have any physical 
significance; it gives the formula the correct dimension. 
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Energy Budget of Earthquakes 
The energy we obtained by integrating seismograms around the 
source is the far field radiation part of a source ~1ich also generates 
the near field waves (waves diminish more rapidly as a function of 
distance) as well as other types of energy "generated" by the source. 
By generation of energy we mean the conversion of energy from one 
form to another occurring during the earthquake process. In general, 
the following relation must hold: 
(Elastically stored energy) b f + (Physico-chemical energy) 
e ore before 
(Elastically stored energy) after + heat energy 
+ work done against gravity + (Physico-chemical energy) 
after 
+ seismic wave energy 
In this relation we are asserting that both physico-chemical 
processes, often described as phase change, and elastic strain can 
contribute toward the occurrence of earthquakes. In other words, a 
physico-chemical process such as phase change can have mechanical 
effects that precipitate the release of strain in large amounts. 
In term of Archambeau' s tectonic source theory (Archambeau, 196lf), 
the rupture zone can be created either as a result of the elastic 
strain. being in excess of the "material strength", or as a result of an 
unstable physico-chemical state caused by localized pressure-temperature 
conditions. 
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The problem of energy conversion has been tackled by several 
authors. 
A classical theorem of elasticity asserts that the potential energy 
of deformation of a body which is in equilibrium under given load is 
equal to half the work done by the external forces acti~ through 
the displacement from the unstressed state to the state of eq uilibrium . 
It was pointed out by Fu (1945) that this theorem implies an instantane ous 
adjustment of the medium to the external force. Under such condition 
half of the work done by the external force will go into potential 
energy which is stored in the medium and half of the energy converts 
to elastic wave energy and heat energy. However, if we load the 
medium at such a rate that the process is reversible, the n al l the 
energy would be stored in the medium as required by the first law 
of thermodynamics. Thus Fu concluded that when an external force is 
applied to a medium at some finite speed, the seismic wave ene r gy 
derived from the applied force would be between zero and a half. 
This conclusion is applicable to the situation we have in an artificial 
explosion, say, in an unstrained medium, and equally well to the 
building-up of strain before an earthquake. For a natural earthquake , 
where release of energy stored in the medium i s taking place instead 
of external force being applied, the above statement has to be modified. 
Kawasumi and Yoshiyama (1935) set out to prove that in case the 
medium is µrestrained the elastic wave energy is the released strain 
energy of the medium. They solved an infinite-space problem with a 
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"box-car" initial time function (of pressure) on a circular surface 
in the medium. When the length of the box is long enough the solution 
should approach that in a prestressed medium. 
Sezawa (1935) made a further investigation into the dependence 
of the elastic wave energy on the rate at which force is applied. 
His solution does show that the amount of energy that goes into 
elastic wave energy increases concomitantly with the rate at which 
the force is being applied. His argument that release of accumulated 
strain is equivalent to the application of a negative force is, 
however, invalid. In the case of released strain the medium is 
prestressed; this case is not the same as application of a negative 
force to an unstressed medium. 
A complete theoretical treatment of the problem of earthquake 
is not yet possible, since the exact nature of earthquakes has not 
been adequately understood. It is quite possible that there are 
different types of earthquakes and earthquakes; for example, at 
different depths the mechanism of earthquakes could be entirely different. 
A more realistical approach to the problem had been taken by 
Archambeau (1964), he included in his model a prestressed linear-
elastic medium a non-linear source region; the occurrence of earth-
quake is a stress relaxation pLocess instead of the introduction of a 
sudden dislocation as in the works of Burridge ~ ~ (196Lf) and 
Haskell (1964). Such a model could be used to discuss not only 
the radiated seismic waves, but also potential energy change before 
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and after the earthquake; if we have a reasonable model for the non-
linear zone we may also discuss the non-linear dissipation of energy 
in the near source region. 
Gravity is usually neglected in the theoretical formulation of 
the problem. The energy involved, hmvever, may not exceed that of 
seismic waves (Pshenikov, 1965), considering that an upward vertical 
movement one side of the fault is often accompanied by a downward 
movement on the other side. 
To know the energy budget near the source more experiments have 
to be conducted in the non-linear region of an earthquake; heat flow 
measurements, the strong motion seisrnornetry and a detailed triangulation 
will enable us to learn more about the actual earthquake source. 
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Conclusion 
We have. mac.e an attempt to estimate the energy in earthquakes by 
considering the source as a radiator which generates signals that 
propagate through a layered earth; we obtain the energy of the radiator 
from the signals recorded at large distances by compensating for the 
effects of attenuation, the inhomogeneities of the medium, the response 
of the recording instruments, and the free surface. 
Several conclusions can be drawn from our observations: 
1) The sum of the energies in P and S for one earthquake in the 
frequency band specified exceeds the total energy calculatid 
from Gutenberg and Richter's formula. 
2) The energy in S wave is greater than that in P wave by at 
least one order of magnitude. The S wave is the main seismic 
energy carrier for earthquakes. 
3) Energies in the Rayleigh and Love surf ace waves are about 
three orders of magnitude smaller than those in the P and 
S waves. 
4) Assuming that the energy calculated from magnitude-energy 
formula for earthquakes (usually magnitude 8 or higher) 
that excites lower order free oscillations will be upgraded 
at least by one order of magnitude (for Alaskan earthquake, 
it would then be> 1025 ergs), the total energy in the 
spheroidal modes (from order 2 to 15) is two orders less 
than the. "total energy". 
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5) Because of our inability to record the complete signal, 
our estimates are the lower limits of seismic radiation 
for each earthquake. 
6) It is possible to use three component records from a 
few stations to obtain the energies in P and S wave for 
intermediate and deep earthquakes whose fault mechanisms 
are given. 
The main uncertainties of our estimates could be 
due to the uncertainties in our knowledge regarding the 
attenuation of seismic wav es. 
In order to obtain a closer estimate of the total energy 
involved in an earthquake, ne ar field observations of possible non-
linear waves, heat flow and strain fields are needed. It is not 
impossible that the energy involved in an earthquake is considerably 
higher than heretofore assuTued. 
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Vl C 48. 5200 - 123 .4 16 0 9 . 60487E Ol 1 . 06642E 0 4 3 55 . 6 0 339 5.39 17 8 
Wl L - 66 . 2580 11 0 . 5830 l.11582E 0 2 1 . 24 10 l E 04 15 7. 71 066 31 0 . 235 29 
!RAN 3 5 .6000 50 . 000 0 o. o. 24 8 . 198 59 2 4 8 .198 59 
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Table V 
Comparison of Results 
Present First-Motion Study by 
Study Petrescu and Purcaru 
Strike Azimuth 280° 283° 
Dip azimuth 190° 193° 
Dip 78° 80° 
Slip Angle 63° 66° 
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Table VI 
Source Parameters of Sept. 1 , 1962 Iran Earthquake 
Strike 
Dip 
Slip Ang l e 
Force System 
Surface Wave 
N80°W 
78° toward Sl0°w 
63° 
Double couple 
Magnitude and Energy 
Richter magnitude = 7~ 
Fi rst Motion 
N77 °W 
80° t oward Sl3°W 
66° 
Double coup l e 
Energy calculated by using Gutenberg and 
Richter's formula 5.8 + 2.4 m 
E 6 . 3 x 1023 ergs 
Energy in P , S , Rayleigh and Love using present method 
E 1. 95 x 10 2 3 ergs ( 0 .1 - 0.3 cps ) p 
E 5.6 
s 
x 1024 e r gs (0 . 1 - 0. 2 cps ) 
ER 1. 2 (± 0.5 ) x 102 1 ergs (0.005 - 0. 015 cps) 
EL 3 . 2 (± 0.8) x 1020 ergs (0.005 - 0.0 15 cps ) 
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Table VII 
Tonga Earthquake of July 4, 1963 
First Motion Studies 
Station Azi Back Azi Dist(t:i0 ) p pP s ih z z 
AFI 25.38 203.3 13.5 72 
ALQ 51.1 238.2 90.8 + 63.2° 20.6 
ANP 305.8 126.6 78° + 271° 23.5 
ANT 118.5 239.2 94.2 + 18.2° 20 
ARE 111.9 240.2 96. 7 + 15.2° 
BAG 297.9 124.3 73.5 + 259° 27 
BHP 85.5 244.9 101.2 ? + 20 
BKS 41.4 228.4 82.1 + 102° 23.5 
BOG 91. 9 244.2 104.3 + 20 
BRS 260.9 94.4 26.3 + 45.6 
CAN 245.2 85.4 33.9 + 41.5 
CHG 289.6 116.8 92.4 21 
COR 35.8 227.1 86 + 68° 22 
CTA 273° 107.5 33.7 248° 41.3 
NDI 290.8 107.8 114.5 20 
GUA 313. 137.5 53.8 34 
HKC 299.6 122.6 81. 7 + 287° 23.5 
HNR 304. 131. 27.4 + 44.5 
KIP 23.9 202.9 51. + 44° 35.5 
LEM 270.6 115 .3 73.3 26.7 
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Table VII (Continued) 
Tonga Earthquake of July 4, 1963 
First Motion Studies 
Station Azi Back Azi Dist (11°) p pP s ih z z 
LON 35.1 228.3 88.5 + 210° 22 
LPB ll3.6 239.0 99.4 20 
LPS 76.7 24Lf. 3 94.9 + 20.7 
MAN 296. 7 124.1 72 + 27 
MAT 324.6 139.8 75.0 26 
MED 276.1 ll6.6 85.8 22.2 
MVN 248.1 102.7 57.0 335° 33 
NRA 288.6 119 .5 80.6 + 285° 24 
NNA 105.3 240.0 94.7 + 23° 20.6 
NOU 282.2 108.7 14.8 + 71 
PMG 290.3 121.4 37.3 + 290° 38.75 
PVC 300.5 125.7 15.5 70 
RAP 302.2 130.4 36:4 ? 39 
SBA 184.1 17.7 52.1 + + 34 
SEO 318.7 131.8 82 + 278° 23 
SPA 180. 182 .3 63.8 + 336° 29 
TAU 231.5 71. 9 32.9 + ? 42 
TNG 270.8 115.5 74.2 26 
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Table VII (Continue d) 
Tonga Earthquake of July 4, 
First Motion Studi es 
Station Azi Back Azi Dist( Li 0 ) 
WEL 200.7 25. 16.2 
WIL 206.7 84.8 58.9 
1963 
p 
z 
+ 
+ 
pP 
z s ~ 
66.5 
31 
S polariza ti on angl e counts from the vector toward t he s ource , 
counterclockwi se . 
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Table VIII 
Source Parameters of 4 July 1963 Tonga Earthquake 
Strike 
Dip 
Slip Angle 
Force System 
Energy in 
E = p 
E = s 
First Motion Radiation Pattern 
N26°E N2L1°E 
68° toward S64°E 63° towa rd S66°E 
212° 208° 
Double couple Double 
Magnitude and Energy 
Richter magnitude 6~ - 6 3/4 
Energy calculated from the formula 
log 1 o E 
E 
5.8 + 2.4 m: 
2.51 x 1021 
P and s using present method 
1.35 ± 0.5 x 1022 ergs (0.01 - 0.2 cps) 
1.1 x 1023 ergs (0.01 - 0.13 cps) 
couple 
Strike 
Dip 
Slip Angle 
Force System 
-121-
Table IX 
Energy of 21 March 1964 Banda Sea Shock 
Source Mechanism 
(After Teng and Ben-Menahem) 
First Motion Radiation Pattern 
S 86° E 
83° N 4° E 
310° 
D.C. 
E 
Magnitude and Energy 
Richter Magnitude = 6 3/4 
10 (5.8 + 2.4 m) 
1022 ergs 
N 85° E 
84° s so 
315° 
D.C. 
Energy in P and S Using Present Method 
E 
E = 1.05 x 1023 ergs (0.01 - 0.2 cps) p 
E 1.3 x 1024 ergs (0.01 - 0.13 cps) 
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Table XII 
Energies for os£, 
Order, Q, T (sec) K. E. (ergs) 
m == Qi'\ m = 1 m = 2 
(x 1024) (x 1024) (x 102 4) 
2 3208 .00189 .0113 .0454 
3 2120 .00285 .0342 . 3L12 
4 1533 . OOL106 .0812 x 1.46 
5 1180 .00510 .153 x Li.28 
6 955 .00562 .230 x 9 .L14 
7 807 .00527 .295 1 x 5.9 
8 703 .00448 .322 2 x 2.6 
9 634 .00400 .360 3 x 1. 7 
10 579 .00369 .399 4 x 3.8 
12 504 .00312 .487 7 x 5.0 
13 473.0 .00287 .522 9 x 4.0 
14 448.1 . 00274 .575 12 x 0 . 
15 426.5 .00246 .590 14 x 1. 
*From Kovach and Anderson (1966) 
4* 
5* 
6* 
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Table XIII 
Energy for Spheroidal Os cillations 
u (cm) 
.0303 
.0283 
.0220 
.0092 
.0056 
.0136 
.0097 
.0147 
U (cm) 
0 £ 
.0024 
.00076 
.00069 
.00076 
.00010 
.00445 
.00354 
.00290 
.00184 
.00090 
.00105 
.00054 
.000775 
Correct 
for Q 
.0046 
.00165 
.00182 
.0025 
.00037 
.0043 
.0039 
.00387 
.0025 
.00153 
.00225 
.0011 
.00177 
u = displacement measured at the station 
Energy (ergs) 
6 x lo 1 s 
1.55 x 10 1 9 
7.3 x 10 1 9 
2.94 x 10 20 
9.65 x 10 1 9 
6.3 x 10 21 
9.7 x 10 2 1 
1. 21 x 1022 
1.14 x 1022 
1.13 x 1Q22 
2.1 x 1022 
1. 28 x 1022 
2.3 x 1022 
* Isabella strain data; U is obtained by solving the two 
0 £ 
simultaneous absolute value equations as explained in the 
text. T = 5430 minutes. 
0 
+ Berkeley Ultra-long period data (Nowroozi, 1965). 
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Figure Captions 
Figure 1. Kinetic energy density per centimete r surface displacement 
for the vertical component Rayleigh wave ................ 129 
Figure 2. Kinetic energy density per centimeter surface displacement 
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Figure 3. Kinetic energy density per centimeter surface displacement 
for Love wave ........................................... 131 
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Theoretical (smooth curve) and observed (dotajmaxima 
in spectrum ratio as a function of the azimuth. The 
counterclockwise angle measured from azimuth 280 ...... 139-A 
Amplitude and phase modulation of the common spectrum 
of two interfering P waves, one of which has been 
reflected from the crust above the source. B is the 
ratio of the two P waves. The curves in the upper 
·parts of the figures are the phase shifts; amplitudes 
are in the lower part ................................. 140 
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e PULSE ANALYSIS 
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Appendix I 
Attenuation of Body Waves 
The surface wave Q has been measured by several authors. 
Ben-Henahem (1965) compiled his work into a set of curves for Q of 
Rayleigh and Love wave . Since surface waves sample an average Q 
over the depth, it is necessary to invert these data to obtain Q 
(the intrinsic Q) as a function of r. Anderson et al (1964) have 
developed a technique for inverting Q and presented a few possible 
Q models, for the shear waves. By assuming a ratio of Qp/Q8 we can 
easily have a Q model for P wave. 
The total attenuation of a body wave along the ray can be 
written as 
and the integral can be written as 
I w 2 I 
ds 
Q(r) V(s) 
where s is the integration parameter along the ray and V(r) the 
velocity distribution ray we have the relation r = r(s). 
Let 
n r/v 
p r/v sini 
where i is the angle of incidence, the integral can be written as 
where 
F(n) 
I . 
n./Q (n) 
w 
2 I 
(1 -
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dv) n-ds 
dn. 
Teng (1965) used MM8Q2 and l-:IH8QS models of Anderson ~ ~l (1965) for 
Q used a polynomial to fit the computed F(n). The integral can 
then be computed numerically whenever the ray is specified. 
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Appendix II 
Integration of Body Wave Radiation Pattern 
Let 
cq ~ sin;\ sin2o 
S2 ~ sin0 COS;\ 
S1 sin;\ cos2o 
f32 COS;\ cos<) 
Then R Ce, cp) p 
+ (S1sin<P + S2 cos¢ ) sin2e 
[ cx1 sin¢ + cx2 cos2¢] sine 
+ [s1 cos¢+ S2 sin¢) case 
RSV (e' cp) 
+ (s1 cos¢ + 82 sin¢ J cos2e 
The integral we have to compute is 
I = j2Tf JTf R2 (e, ¢) sine de d<P 
0 0 
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They are, for the three wave types 
I p J
2TI JTI { lG 
0 0 
J
2TI JTI I (Cl 1 2 
0 0 
cq 2 cos 4 e + 
·cos 2e sine de d¢ 
cos 2 2e} sine de d¢ 
Note we have already eliminated the terms that vanishes. 
The individual definite integrals in these expressions are 
J
TI 
cos 4 e sine de 
0 
r 0 16 15 
f" sin2 28 sin8 d8 
0 
2 
5 
16 
15 
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r cos2 28 sin8 d8 14 =-15 0 
r cos2 2¢ M 0 
r sin2 2¢ d¢ 0 
r sin2¢ d¢ 0 
r cos 2¢ d¢ 0 
The results are 
TT 
15 
= TT 
= TI 
= TT 
= TT 
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Appendix III 
Method of Integration for the Integral (7.4) 
We shall use the integral (7.4) of ELK as an example to illust rate 
the method of i ntegration used . 
(:) = 
00 00 00 ~ 
s dw d~ dn ~nc: ' i( wt-~x-ny-C:z ) iw I( n e ( 21T) 3 
c: 
(7 . 4) 
-00 
- oo 
- 00 
Let us consider the integral 
I 
= r dS r d Snc ' ( S ) -i ( Sx+nyHz ) n--- n e tR. 
c: 
-oo -00 
Change the variables ~. n to e and ¢ via the transformations 
x r sine 
0 
y = r sine 
0 
z r cose 
0 
The Jacobian of 
cosljl ~ 
sinljl n 
s 
the transfonnation is 
3(~,n) 
3(e,¢) p
2 cose sine 
p sine cos ¢ 
p sine sin¢ (I .1) 
p cose. 
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In order to keep the original integration limits, 8 has to be 
extended to imag inary values. We choose the contour in the comp lex 
8 plane such that the wave will be bounded as z + 00 • Thus, we stipulate 
the path to be from 0 to n / 2 to i 00 • The integration on ¢ will be from 
0 to 2n. 
Before integration the singularities of the integrand has to be 
mapped. Substituting (I.l) into the integrand, we obtain, for the 
e dependent part 
4 cos8 sin2e 1n2 - sin2e 
V(e) 
(n 2 - sin2 e) 2 + 4 cos¢ 1n2 - sin2e sin2e (I. 2) 
where n 2 notice that V(B) V(-8), a fact which will be used 
later. 
As a result of the presence of the radical we have two Riemann 
sheets jointed along the branch cut 1n2 - sin2 8 = O, starting at the 
branch points 8 = ± sin-l n. Let 8 = 8 ' + i 811 , using the relation 
sin8 sin8' cosh8" + i cos 8 ' sinh8" 
and cos8 cos 8 ' cosh8" 
and the condition 
Im pcos8 < 0. 
i sinB' sinh 8" 
The branch points will be located at 
(n /2, sinh- 1 n) 
(-n/ 2 ,sinh- 1 n) 
(I. 3) 
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To locate the poles we have to solve the Rayleigh equation 
(n2 - 2sin2 6 }2 + 4 case 1n2 - sin~e sin2 e O 
or 
n2 (2 - --}2 + 4 
sin2 e 
I 1 _ 1 I __ n_2_ - 1 0 
which is the conventional half-space Rayleigh equation with the 
subs titians 
1 
and 
(See , e.g., Ewing, Jardetzky and Press, 1957). For Poisson solid the 
roots -we are interested in are given by 
2 - 2113 
or 
sin6 -I 3 ± > 1. 
2 - 2113 
Again let 6 6 1 + i6", there are four poles 
G' rr/2 
8 I 
- rr / 2 
8 I n/ 2 
8 I 
- rr / 2 
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e II 
e" 
8" 
8" 
2 - 2//3 
sinh- 1 1--3--
2 - 2 13 
./ 3 0 + sinh- 1 ----
2 - 2 /3 
./ 3 0 - sinh- 1 ----
The int egration shee t will be defin ed by 
Im cas e < 0 
i .e. , sine ' sinhe" < O. 
The poles are 
8 I Tf e" sinh- 1 ./ 3 2 2 - 2 n 
8 I n/ 2 e" sinh- 1 ./ 3 
2 - 2 n 
The location of poles , branch points, branch cut, path of integration 
is plotted in figure 18. 
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We are now ready to deform the path of integration. Before we do 
that, we 
new form 
-+ 
u p 
Sr 
(Zn) 3 
shall first write down the integral (7. 4) of BLK in its 
under the t ransformations (I. 7): 
Sr iwt 
(Zn) 3 r F(w) e dw r2+i· d<j> r de sine V( e ) sin¢ cos¢ 
J
oo 
-co 
co 0 0 
•p sine sine cos (¢ - ~) + co s8 cose 
0 0 
-ipr ( sine sine cos (¢ - ~) + cos e cose ) 
e o o 
F(w) 
J
n /Z+ico 
eiwt dw de 
0 J
Zn 
d¢ sine V( e ) sin¢ cos ¢ 
0 
id eipr ( sine sine 
0 
co s (¢ - ~ ) + cos e cos e 
0 
) 
dr 
where, as in BLK, 
sine cos¢ 
~ 
r sine sin¢ 
case 
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Now the ¢ integration can be performed first: 
I
21T 
sin¢ 
0 
Now 
cos¢ ipr e sine sine0 cos(¢ -ijJ) 
- 2n sinlj! coslj! J2 (pr sine sine). 
0 
~ ( - H 2 ( 2 ) ( - z ) + H 2 ( 2 ) ( z) ) 
Using the relation V(e) V( -e), the integral can be written as 
-+ 
u p 
-Sr 
(2n) 3 r 
00 
F(w) iwt e dw .d . i-dr r
TI /2-1-ioo 
~ 
-n2/- oo 
sine V(e) H2 (
2) (pr sine sin8 0 ) 
-ipr cos8 cose 0 e de 
Keeping only the first term of the as~nptotic expansion of H2( 2) the 
expression in the parenthesis can be written as 
~ 
J
n/2+ioo 
r2 
npr 
-n/2-ioo 
/sin8 
/sine 
0 
V( 8) -ipr cos(e- e0 ) e 
It is- iminediately clear that the saddle point is at 8 
we require 
(I. 4) 
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- sin(8 - 8 ) 
. 0 0 
that falls between - n/2 and + n/2 and the only solution for this 
equation is 8 = 80 • Now we want to deform to a contour such that 
we can s eparate the surface wave from the body waves. As depicted 
in figure 18, the original contour r can be reduced to the sum 
0 
r 2 can be closed in the manner as shown in figure 18. It is 
clear from (I.4) that the contribution from f3 tends to 0, due to 
the exponential. Therefore 
Now for the integral 
/sin8 
/sin8 
0 
Res P. 
V( 8 ) -ipr cos(8 - 80 ) e d8 
we see immediately that 8 ' = 8 is the saddle point, and remembering 
0 
the identities (1.3) we have the path of constant phase (steepest 
ascent) in the 8 plane (r) 
cos(8 ' - 8) cosh8 11 = 1 
0 
The path is shown in figure 18; in the plane of integration the 
process of deformation will not cross any singularity. The results 
obtained are the same as in BLK. 
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Appendix IV 
Variation of Angle of Incidence of 
Oceanic Rayleigh Wave 
Because of the high energy content of higher frequency surface 
wave, it is important to distinguish the waves that are directly 
from the source, and the waves that have been diffracted at discontinuities 
on boundaries, although it is possible that surface wave energy is only 
a minor part in the total energy budget as we have demonstrated both 
experimentally and theoretically. Such caution is necessary when we 
want to compare the energy content of Rayleigh wave and Love wave. 
Both theoretical and experimental group velocity curves show that 
around a period of 18 seconds the dispersion is the severest for an 
oceanic path. The group velocity drops from 3.0 km/sec at 17 seconds 
to about 1.2 km/sec at 15 seconds. Owing to the fact that the relative 
excitation at this period is very high (Harkrider and Anderson, 1966), 
the energy associated with this part of the dispersion curve is quite 
significant compared to the rest of the Rayleigh wave train as can 
be seen on seismograms, recorded at Pasadena, of South Sea earthquakes 
with a long oceanic path. 
The group velocity curve at these periods is very sensitive to 
the crustal structure; as the real earth is not homogeneous horizontally, 
the wave path will deviate from the great circle path. Or rather, 
at a station, the oceanic wave may arrive via different path at 
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different time. We have computed the angle of incidence for two 
oceanic Rayleigh wave trains : they are presented in figure 19. 
They indicate that the beats could very well be the result of 
interference of waves traveling by different path. In the figure the 
Solomon Island earthquake was recorded at Pasadena with a long but 
almost monotonously decreasing Rayleigh train, the corresponding 
variation of the angle of incidence is not very pronounced. In 
contras t the r ecords for Kurile earthquak~ show a complicated 
Rayleigh wave with numerous beats; the corresponding angle of incidence 
plot displays a rather striking variation in the angle. The great 
circle path from Kurile to Pasadena passes continental margins and 
complex structures; this may explain the variations. 
PART II 
REFLECTED WAVES AND CRUSTAL STRUCTURES 
Abstract 
Haskell's formul ation for reflection of the body waves at the 
base of a solid crust i s extended to include overlying liquid layers. 
Normalized displacement and the phase shift at the base of the crust 
as a function of angle of incidence and frequency are calculated for 
two continental models and an ocear,ic model. Complex reflection 
coefficients are inverse-Fourier tran s formed numerically to the 
time domain to show the change of pulse shape upon reflection. These 
time traces show that the water layer of the oceanic model causes 
the main difference between continental and oceanic reflections. 
Sample seismograms from a deep shock were compared to the theor e tical 
records; they are found to be consistent. PP waves from a deep 
earthquake recorded at Tonto Forest Seismic Array were processed to 
display the details of an oceanic PP wave. 
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Introduction 
A fundamental problem in seismology is the de termination of 
elastic wave fields in a r ea listic spherical earth model; the solution 
should include not only the direct field but also reflect ed , and 
refracted waves, and free oscillations. The solution may contain waves 
that until now have not been noticed or have been ignored on the 
seismogram. However , the numerical computation t echniques and the 
time required to obtain a theoretical seismogram are quite formidable. 
Meanwhile, employing more tractable methods involving far less labor, 
va rious aspects of the problem can be individua lly attacked. Such an 
approach has been successfully direct ed toward surface wave studies, 
using a plane layered system to investiga te the dispersion of phase 
and group velocities. 
The present problem is to study the effects of a layered crust, 
taken as a stack of plane layers, with or without a water layer on 
top, upon body wave pulses that enter into it and re-~nerge after 
being reflected at the interfaces and free surface. We will study in 
particular the reflected compressional wave PP, and to a l esser 
extent, PS, the wave that comes out of the layered syst em as an S wave. 
The aim of this work is twofold: first, to clear up the problem of 
crustal structures and reflected waves, and secondly, to propose a 
method for world-wide mapping of crustal structures using reflected 
waves from earthquake sources. 
The problem of the surface reflected PP wave has been studied 
extensively, from a different viewpoint by Gutenberg and Richter (1935), 
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Byerly~ al (1949), and, more recently, Papazachos (1964). Most of 
the quantitative work in these studies is concerned with the determi-
nation of the peak to peak amplitude ratio PP/P, or the variation in 
the angle of incidence. With the knowledge that the variation of 
parameters in the mantle is gradual, while that in the crust is most 
often abrupt, the differences between P and PP are expected to be 
attributable to the crustal influences. This conclusion has led 
Gutenberg and Richter (1935) to investigate the difference in crustal 
structures beneath the Pacific Ocean, the Atlantic Ocean and under 
the continents, based on the ratio PP/P, but others (Byerly~ al, 1949, 
Ben-Menahem et al, 1965) have indicated or implied that the fluctuation 
of this ratio could result from the radiation pattern of the source, 
rather than the crustal structure at the point of reflection. In any 
event, a great deal of information is lost in investigations using 
only the maximum amplitude of the time pulses. 
The other surface reflected waves, namely, PS, SS, and SP have 
not received much attention. PS and SP are often superposed either on 
each other, for shallow earthquakes, or on other body waves for 
deeper earthquakes; they are occasionally prominent, but have to be 
used with care. SS waves, on the other hand, often appear as a 
prominent and well-isolated phase. 
In most of the former work the reflection was assumed to occur 
at the free surface of a half-space or at the interface of two half-
spaces in contact; in such cases the reflection coefficients are 
frequency independent. Calculations using the Haskell-Thomson matrix 
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formulation show that the dependence becomes accentuated as frequency 
deviates from 0. The functional relationship between the reflection 
coefficients and the angle of incidence and frequency is best display ed 
as a contour map. Both amplitude and phase-shift have been computed 
for three crustal models, one oceanic and two continental, and plotted 
as contour maps. These maps enable us to predict the behavior of 
reflected waves at various epicentral ranges, recorded by instruments 
with different band-pass characteristics. In order to compare the 
time pulse on the seismogram with Haskell-Thomson theory we have 
Fourier-synthesized the complex reflection coefficients for several 
angles of incidence for the three models mentioned above as well as 
variations of them. We found that the pu l se shapes of the reflected 
waves indicate the nature of the crust at the point of reflection 
far more conclusively than do the amplitudes. To show this we have 
compared the synthesized traces with long-period PP seismograms from 
the Banda Sea earthquake of March 21, 1964 , and we have also attempted 
to obtain a detailed mid-Pacific structure using seismic array data. 
Recent advances in seismic array data processing render it 
possible to look at small signals that are buried in noise on ordinary 
seismograms. It is thus possiole to us e an array to map the crustal 
structures at points of reflection of reflected P or S waves. This 
method requires much less labor than conventional refraction profile 
methods and vast areas can be investigated very expeditiously . 
Moreover, regions that are inaccess ible can be readily investigated. 
Although surface wave methods have the same advantages, the present 
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method can yield much finer horizontal and vertical resolutions than 
can the surface wave method where only the average structure between 
recording stations can be delineated. However, the present method 
can be successful only when we have a certain amount of velocity 
control at the point of reflection. 
The same technique can be applied to study the nature of crustal 
discontinuities by looking at the short-period pulse shapes. And we 
can also extend the method to detecting possible discontinuities in 
the upper mantle and to the studying of the influence of upper mantle 
structure on long-period S waves. 
The solution for reflected sound pulses in a perfectly elastic 
sphere shows that the path for PP reflection is, rather than maximum 
or minimum, a stationary time path; associated with such a path are 
the lack of a clear start, and a logarithmic type infinity connected 
with the amplitude. In a realistic attenuating earth, the latter 
type of behavior could hardly be expected, although a distortion 
of pulse shape and a change in amplitude not related to the nature of 
the reflector may be expected. 
-5-
Method of Computation 
Layer Matrices 
If we can repres ent the incident wave as a plane wave, and the 
crust as a stack of plane parallel layers, then we can use the Thomson-
Haskell matrix method (Haskell, 1953, 1950, 1962; Thomson, 1960). The 
theory has been discuss ed in the works of Haske ll and Thomson above, 
and in papers by Dorman (1962) and Harkrider (1964b). Although the 
discussions of the layered sys tems including liquid layers are quite 
general in the works of Dorman and Harkrider, the techniques considered 
are oriented toward surface waves. On the othe r hand, Haskell (1960, 
1962) formulated the problem of body wave reflection as well as 
transmission for solid crusts, without extensive discus s ion, however , 
for reflections. Since there are some aspects of the matrix formulation 
which are of particular interest when a model of an oceanic structure 
is considered, a brief development of the theory for a layered system 
consisting of liquid layers overlying solid layers will be presented 
here (Figure 1). 
We will use the same notations as Haskell (1953). The dilatation 
and rotation in the m th layer can be written as 
and 
6 
m 
w 
m 
= 
= 
[ 
-ikr 
LI~ e am 
z 
z 
+ 
+ 
ikr z ] 
I am e i (wt-kx) /', I e 
m 
II 
w 
m 
ikrSm 
e 
i(wt-kx) e . 
(1) 
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respectively, where 
with 
k 
r 
am 
w/c wave number in direction of x 
+ (Cc / am) 2 - 1) ~ 
- i [ 1 - (c/am) J 
+ [ (c/ Sm) - 1 2 ) !.< 
2(s /c) 2 
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c > a 
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c < CL 
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c < s 
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Pm density 
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of dilatational waves 
velocity of propagation of rotational 
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In a solid l ayer both !:, and w exist, while in a liquid layer or a 
m m 
layer where the rigidity vanishes, w = 0. The displacements and 
m 
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stresses corresponding to the above definitions are 
u = (a / w) 2 (36 / 3x) 
m · m 2(B /w) 2 (3w /3z) · m · m 
w (a / w) 2 (36 / 3z) + 2(B /w) 2 (3w / 3x) 
m m m m 
(2) 
T = 2p B2 J - (a / w) 2 (3 2 6 /3x3z) 
mm L m m 
The boundary conditions to be satisfied at the interfaces are that 
these four quantities be continuous. 
Inserting (1) into (2) and writing it in matrix form we obtain 
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If we put the origin at (m - 1) th interface, then the velocities 
and stresses at that interface are related to the dilatation and 
rotation in that layer by 
u -1/c 
Ill 
w -1/c 
Ill 
0 -1 
m 
l -1 
Ill 
E 
m 
/:;I + f:!." 
Ill Ill 
/:;I 
m 
/:;II 
Ill 
w' - w" 
Ill Ill 
WI + W11 
Ill Ill 
Where E is obtained by setting d 
m m 
0 in D : 
m 
E 
m 
-(a /c)2 
m 
0 
-p Cl. 2 ( y -1) 
Ill Ill Ill 
0 
0 
-(a /c) 2 r 
m am 
0 
pa2ymr 
rn rn am 
(4) 
-y r 
m Sm 0 
0 
0 
0 -p c 2y (y -1) 
rn m rn 
-10-
From (3) and (4) we may obtain the relation between the displacements 
and stresses at the m th interface and at the (m - 1) th interface 
by eliminati.ng 
where 
t:..'+t:.." etc.: 
m m 
u /c 
m 
w /c 
m 
0 
m 
'[ 
m 
D E -l 
mm 
2(S /a ) 2 0 
m m 
0 c 2 (y -l) /a 2r 
m m am 
(y -1)/y 0 E -1 m m rSm 
m 
0 1 
Let us define 
A D E _l 
m mm 
(5) 
0
m-l 
(p a 2 )-
mm 
1 0 
0 (p a 2 r ) _ l 
mm am 
-(p c2y ) _ l 0 
m m rSm 
0 (p c2y )-1 
m m 
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then, evidently, one can write 
er 
m-1 
T 
m-1 
A A • • • • • • • • • • A m-1 m-2 1 
u /c 
0 
w /c 
0 
0 
0 
T 
0 
(6) 
and to relate the dilatations and rotations in the half-space (the 
nth "layer") we have 
/',I + /',II m m 
/', I /',II 
m m 
w' w" 
m m 
w' + w 
m m 
E 
m 
• • • • • A 
1 
~ /c 
0 
w /c 
0 
er 
0 
T 
0 
(7) 
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The formulation just outlined is for solid layers. If we have two 
liquid layers or a liquid layer and a solid layer in contact, then 
the boundary conditions would require w/c and o to be continuous 
at the boundary instead of all four quantities. Namely, 
where 
w /c 
m 
0 
m 
cos p 
L 
Ill 
iP c2 r 
m am 
L 
m 
m 
Sin p 
m 
~m-/c 
0 
m-1 
i r (p c2)-l Sin P 
am m m 
cos p 
Ill 
This can be obtained from D E -l by setting S 
ID m m 
0 and take 
the four central elements. 
In a system of n layers (figure 7) let the upper t(t < n) 
(8) 
layers be liquid and the remaining layers be solid. Then the relations 
among the horizontal particle velocity at the liquid-solid interface, 
the verticle particle velocity at the free surface and the amplitude 
of the dilatational and rotational waves in the half space may be 
expressed as 
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!::, I !::, II 
w /c n n 0 
E -1 A A .... A£+1 F • • • • F n n-1 n-2 £ 1 (9) 
I w" 0 w n n 
w' + w" 0 n n 
where: 
1) E -land A.(i = £ + 1, n - 1) are the standard 4 x 4 
n i 
layer matrices for the solid layers 
2) u£ is the horizontal component of the particle velocity 
3) 
4) 
at the top of the £ + 1 layer (that is the top of the solid 
section) 
w is the vertical component of the particle velocity at 
0 
the free surface. 
F. (j 1' J £) is a 4 x 4 matrix of the form 
1 0 0 
0 cos p i r (pc2)- l Sin p m am m 
0 i r _l (pc2) Sin p cos p am m m 
0 0 0 
0 
0 
0 
1 
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5) c is the phase velocity 
If we let 
E -l A A •·· A F ····F J 
n n-1 n-2 £+1 £ 1 
which is dependent on the layer parruneters, the compressional 
velocity, the shear velocity, the thickness and the density, we 
then have from (1) a set of four simultaneous linear equations 
containing the unknowns t:i.' t:i." , w', w" ~Jc and\~ /c: 
n' n n n' r o 
t:i.' + t:i." 
n n 
t:i.' 
n 
' wn 
w' 
n 
t:i. It 
n 
II 
wn 
w" 
n 
J21 ~£/c + J22 w /c 0 
J 31 ~£/c + J32 w /c 0 
(10) 
Since we are interested in the displacement at the free surf ace 
(or interface) the reflected waves for dilatational waves or rotational 
waves we can set either t:i." 
n 
1, w" 
n 
0 or t:i." = 0, w" = l; 
n n 
these correspond to incident P wave and incident S waves respectively. 
t:i. It 
n 
In the case of an incident P wave with unit dilatational amplitude: 
1 and w" 
n 
0, the four remaining quantities can be solved as 
w' 
np 
~ /c Q,p 
;, I c 
op 
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2D-l (ll) 
Similarly in the case of an incident S wave of unit rotational 
amplitude, 611 = 0 and w" 
n n 
where 
(:.,I 
ns 
~Q,s/c 
;, /c 
OS 
1, we have 
(12) 
using the following relations which have been proven by Haskell (1962) : 
E + E = 1 pp ps 
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then the equations derived from (13) may be written as 
u /c S11 u /c + S12 w /c 
r r o 
w /c 
r 
S21 ~ /c + S22 w /c 
r o 
a S31 ~ /c + S32 w /c 
r r o 
T S41 u /c + S42 w /c 
r r o 
(14) 
From the properties of the matrices F. described above and in 
J 
Haskell (1953), it is easily seen that 
0 j 2,3,4 
Thus, equations (13)-(14) may be written as 
u /c 
r 
u /c 
r 
;, /c S22 w /c 0 0 
a S32 ;, I c r 0 
T o. 
r 
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and 
E + E 1 
SS Sp 
we can, from the value of 6 1 /6'', have an estimate of the value of 
w'/6" and vice versa. Since 6' and w' for a certain crustal 
n n n' 
structure model, are functions of frequency and angle of incidence, 
we can draw contour maps giving the variations of amplitude or phase 
of ~' and ~' as a function of the two above-mentioned variables. 
n n 
Using the relations 15 and 16, one can expect how the contour of the 
other would behave. 
There are two other cases where we can readily apply the matrix 
technique: Namely, 1) Oceanic bottom seismometry and 2) ocean 
with ice as the top layer. 
1) Ocean bottom seismometry. We have implied in the equations 
(9) that 
u /c 
r 
u /c 
r 
~ /c F .... Fl w /c (13) r r 0 
a 0 
r 
T 0 
r 
If we let 
F • • • • • ••• 
r Fl s 
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2) Ocean with ice on top. Such configuration has been 
considered in detail by Dorman (1962) in connection with 
Rayleigh wave propagation in a layered system with alternating 
solid and liquid layers. To be more specific we shall assume 
that our system consists of a solid layer (ice) overlying a 
liquid layer (ocean), which in turn overlies a stack of 
solid layers (the crust); in this case, using the same 
development as before, we arrive at the relation 
!J' + !J" 
n n 
!J' - !J" 
n n 
WI - W11 
n n 
WI + W11 
n n 
w /c 
0 
0 
0 
with notations having the meaning as elsewhere. 
Fourier Synthesis 
In order to show the effect of crust on reflected pulses at the 
bottom of the crust we have synthesized the complex Fourier spectrums 
for several models and angles of incidence using the following 
formula which was first discussed by Aki (1960) and subsequently 
extended by Harkrider (1964 a): 
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h(t) 2:: i A (w) cos¢ (w) 
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cos w (t -i 
(al\) sin 
w (t - T.) 
6w i l 
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~ phase spectrum 
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/ (t - tai)] 
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[6:i (t - t . ) J gi 
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Results of Computation 
Crustal Models 
Three crustal models were chosen to show the effects of crustal 
structures on the variations of reflection coefficients as a function 
of angle of incidence and frequency. The three models are: (1) 
average oceanic structure (Raitt, 1963), (2) Peru-Altiplano, 
(Steinhart and Meyer, 1951), and (3) Central U.S. average crust 
(McEvilly, 1964). They are listed in Table 1. 
The oceanic model is an average of many profiles in the Pacific 
and Atlantic; no attempt was made to differentiate Atlantic and 
Pacific crusts since they are probably not significantly different 
from each other (Raitt, 1963). The depth of the water layer for 
the oceanic model is taken as 4.5 km. As we shall see later, this 
depth affects the reflected pulse in a rather interesting way; we 
have changed the depth to 3 km and 2 km to demonstrate its effect 
on the synthesized waveform. 
The two continental models were chosen to demonstrate the 
influence of different crustal thickness on reflected waves as well 
as the differences between the oceanic and continental crusts. 
The shear velocities and densities of the Peru-Altiplano and 
oceanic models are not given in the literature. The shear velocities 
are calculated from the compressional velocities by assuming various 
Poisson ratios, while the densities are those deduced from gravity 
measurements. 
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Contour Maps of Reflection Coefficients 
For each of these models the quantities ti '/ ti" and w' / w" at the 
n n n n 
bottom of the crust are calculated for angles of incidence ranging 
from 0 to 90 degrees, at Yz degree intervals, and for frequencies 
from 0 to 0.45 cps, at 0.003 cps intervals. These quantities are 
reflection coefficients at the bottom of a crust; they include all 
the multiple reflections between i nterfaces in the layers above the 
half-space, since the boundary conditions are properly taken care 
of at each interface. The reflection coefficients also include the 
complex conversion of energy between P and S at each interface. 
The numbers are on-line contoured on IBM 7094 computer. 
Figures 2 - 4 contain the reflected P wave amplitude response 
for the three models just mentioned. Figures 5 and 6 contain the 
phase shift contours for Central U.S. Crust and average oceanic 
crust respectively. In figures 7 and 8 we present the PS conversion 
response for the average oceanic crust and Peru-Altiplano crust and 
figures 9 and 10 are the corresponding phase shift contours. The 
correspondence between the angle of incidence and epicentral distance 
is indicated in figure 11; it was calculated by Ritzema (1958) based 
on Jeffrey 's travel time data. 
Looking at the two pairs of contours, figures 2 and 7 and 
figures 4 and 8, it is clear that where the reflected P amplitude 
is large , the reflect ed S is small and vice versa. This of course 
is what we expected because of the relation 
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E + E = 1, pp ps 
where the energies are normalized to the incident energy, (Haskell, 
1962). 
It is clear that for very low fr equency the reflection coefficients 
approach those calculated by Gutenberg (1944) and Brekhovskikh (1960) 
for a homogeneous half-space. As frequency increases the behavior of 
the coefficients begins to have significant differences from those of 
a homogeneous half-spa ce, which are independent of frequency . We have 
stated above that differen t angles of incidence corresponds to different 
epicentral distances from the source; the frequency dependence of 
reflection coefficients implies therefore that interpreting amplitude 
ratios PP/P which have been observed with different instruments or at 
different distances under the assumption of a homogeneous half-space 
at the reflection point may yield results that are devoid of meaning. 
It might be proper to point out here tha t evidences from both 
body waves and surface waves show a frequency dependence of amplitude 
attenuation (Ben-Menahem, 1965; Anderson and Julian, 1965; Teng, 1965); 
the high frequency waves, say, 1 second waves, suffer a much higher 
attenua tion than 20 second waves. Because of this phenomenon, and the 
high attenuation in the upper mantle (Kovach and Anderson, 1964; 
Anderson, 1966), the short period data, at distances for which a large 
portion of the ray path is within the upper mantle, may have amplitudes 
much smaller 
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(after being corrected for geometrical spreading) than at distances 
for which passage through the upper mantle is shorter. As attenuation 
for S waves is generally much higher than for P waves, the effect 
would be more pronounced for S than for P. In our present study the 
attenuation will not be considered; we will concentrate our attention 
on the longer waves (around 20 seconds) and on those crustal effects 
which would not be marred by attenuation. 
For PP waves the middle portion of the contour map with angle 
of incidence between 25° and 50° is of interest, while for pP the 
smaller angles of incidence are pertinent. However, in dealing with 
pP, consideration has to be given to the curvature of the wave front, 
as the distance between the source and the reflector is often small 
for the wave length concerned, and the assumption of a plane wave 
incident at the base of the crust may not be valid. This is born out 
by the fact that curvature of the wave front is responsible for the 
generation of Rayleigh type of surface waves a plane wave when 
incidental on a plane layered media will not generate such a wave; 
evidently a part of the energy will be lost upon reflection as far 
as the P and S body waves are concerned. Nevertheless, if the 
condition kR >> 1, where k, as usual, denotes wave number, and R, 
the distance between source and receiver is satisfied, geometrical 
optics is applicable, and the Haskell-Thomson matrix formulation is a 
first order approximation to the problem (Brekhovskikh, 1960; Fuchs, 
1965). 
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For PS waves, the range of the angle of incidence on the contour 
map that is of interest is between 38° and 70°. As in the case of pP 
the smaller angle of incidence would correspond to PS. But as indicated 
by the contours in figures 7 and 8, the conversion from P and S at 
those angles is extremely small; this is the reason why pS has very 
seldom been positively identified on the seismogram. 
The reflected P contours of all three models are rather similar 
in their general features. For angles of incidence below 15° the 
values are high (~ 0.9). They decrease as the angle increases; their 
minimum is around 70° and they increase to 1 near 90°, with bands 
of highs across the contour map. The variation with frequency has 
a very obvious scaling phenomenon. For example, figures 3 and 4 have 
quite a lot in common regarding the distribution of local minimums 
and maximums, however, figure 4, the contour for the thick Peru-
Altiplano structure, has a much faster variation than figure 3, for 
the Central U.S. structure. This is expected from the fact that the 
reflection coefficient from a layered crust is actually scaled by a 
dimensionless parameter formed by a combination of k, H. and sin i 
J 
where k is the wave number, H. the thickness of the layers and i the 
J 
angle of incidence (Fernandez, 1965). The details of variations, 
nevertheless, do depend on the distribution of the elastic properties 
in each layer. 
The phase shift contours (figures 4,5,9 and 10) have the same 
scaling phenomena. 
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From the contour map it is easy to see at what angle of 
incidence we would expect the amplitude to be small, variations rapid 
or phase shift turning complicated. For PP waves, such phenomena 
occur near an angle of incidence of 50°, which corresponds to an 
epicentral distance of 40°, and the situation becomes worse beyond 
50°. This can perhaps explain (Gutenberg and Richter, 1935) that 
PP waves are not very prominent for epicentral distances smaller 
than 40°. 
Synthesized Records 
Numerical Fourier synthesis scheme discussed in the previous 
section was used to transform to time domain the frequency dependent, 
complex Fourier spectrum computed by employing the Haskell-Thomson 
matrix method for several angles of incidence for a flat frequency 
spectrum (Fourier transform of o(t)) input. Synthesized records 
enable us to gain some insight as to what happens to the wave after 
its impingement on the bottom of the crust. Although the amplitude 
response contour together with the phase-shift contour for one crustal 
model contain all the infonnation concerning the reflection, yet it is 
from the synthesized records that we can see the relative magnitude 
of reflections from interfaces and their temporal behaviors. The 
complex spectrums were multiplied by the response of a simulated 
30 - 100 pendulum-galvanometer system, critically damped, to suppress 
ultra long-period components for better synthesis and for comparison 
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with the seismograms recorded by long-period \~,JNSS stations. The 
operations involved can be summed up as 
f (t) 
where 
w 
0 
-w 
0 
F(w) 
f (t) 
F(w) 
H(w) 
f (t) 
h(t) 
-iwt H(w) e dw f(T) h(t-T) dT 
synthesized 
the complex 
the complex 
instrument 
impulse time 
impulse time 
-T 1 
trace 
frequency response 
frequency response 
of 
of 
response of the crust 
the crust 
the 30-100 
response of the 30-100 instrument 
The synthesized records for reflected P waves at angles of 
incidence equal to 30, 45 and 60 degrees for the three crustal 
models are presented in figures 12, 13, 14. The bottom two traces in 
figures 12 ·and 14 are what the seismograms would appear to be for an 
instrument located on a continent having the average Central U.S. 
structure. (Namely, the crustal transmission response at the recording 
station was multiplied to the spectrum described above before 
synthesizing). The others illustrate the crustal effects at the point 
of reflection for different models. Comparing boxes A and C of 
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figure 12 and boxes A and B of figure 14, it is evident that the 
salient features of the incident wave at the bottom of the crust 
under the receiver are preserved; oscillations corresponding to 
reflections at interfaces during transmission through the crust are 
added to the incident wave. 
The reflected P waves from an oceanic crust (figure 12) are 
rather complicated owing to the presence of two major acoustic 
impedance mismatches; one at the solid-liquid interface and the 
other at the free surface. Thus we expect to see two main reflections 
at an interval depending on the depth of the ocean. Further, the 
water layer on top of the solid is an efficient energy trap; for a 
P wave incident in water against a solid,about 65% of the energy is 
reflected, only 35% (See 'Ergin, 1952) refracted. This is the reason 
why we can see so many multiply reflected waves on the synthesized 
trace. The arrivals on each trace can be identified quite easily. 
The first signal, small, and often preceded by a low frequency hump, 
which is due to the imperfection of our Fourier synthesis procedure, 
is the reflection of the bottom of the crust. Then comes the 
reflection from the interface, and following it, at regular intervals, 
are the multiply reflected waves. The time interval between two 
successive reflections is approximately equal to the two-way travel 
time for a P wave in the water layer. This results from the fact 
that the contrast between the P wave velocity in the half-space 
and that in the water is so great, for the angle of incidence 
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considered the ray path is close to the normal in the water layer, 
and hence, the travel time approaches that for a vertical transit. 
Notice also the polarity is changed for every successive arrival, 
due to the phase change occurring at the free surf ace upon each 
reflection. The amplitude of these waves decreases as time goes 
on as a result of the energy being transmitted or converted to the 
S wave energy at each reflection from the bottom of the ocean. As 
the ocean depth decreases the interval between the multiply reflected 
waves decreases ; for a two-thousand meter deep ocean they are no 
longer very distinct. This is demonstrated in box B of figure 12. 
The water depth was decreased from 4.5 km to 3 km for the upper trace 
and to 2 km for the lower trace. 
Much the same description can be applied to the PS waves (figure 
15). Although only a small portion of the energy is converted to SV 
waves for a P wave incident in water against the solid, the amplitudes 
of the later arrivals are not as distinctive as in the case of PP 
waves. The PS wave may consequently appear to be "cleaner" than the 
PP wave, and we shall see later the difference between a PS wave 
reflected under oceanic crust would not be very much different from 
a PS wave reflected under the continent. (cf. figures 15 and 16). 
The continental reflections (figures 13 and 14) are quite 
different from their oceanic counterparts. There is only one surface 
that will give large reflection; that is the free surface. On each 
trace the clearly isolated first arrival, which appears immediately 
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after the wave hits the bottom of the crust, is the reflection from 
the base of the crust. Following it is another arrival of smaller 
amplitude reflected off the interfaces, and then comes the free-
surface reflection, which is much larger than the preceding ones. 
Immediately following is another arrival which only shows a trace for 
i 0 = 30°, but increases in size as the angle of incidence increases. 
The travel time of this wave corresponds to PSP wave, i.e. a P wave 
is converted an S wave upon impinging the crust and travels in the 
crust as an S wave, until it hits the free surface whereupon it is 
converted back to a P wave and comes out of the layered system as a 
P wave. The increase in amplitude as the angle of incidence is 
increased agrees well with this interpretation based on the contour 
map. 
For all these arrivals, the interval between two successive waves 
and their amplitude relations are determined by the distribution of 
elastic parameters and the thickness of the crust. This is born out 
by the otherwise rather similar synthesized records for the Central 
U.S. crust and the Peru-Altiplano crust. In contrast to oceanic 
reflections, very little energy is trapped in the layered system; the 
records for continental models are therefore relatively clean compared 
to records for oceanic models. 
The PS waves (figure 16) show features very similar to those of 
figure 14, although there is a very obvious polarity change. The 
arrival we identified as PSP in figure 14 has the same travel time 
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as the free surface reflection in figure 16. 
In the Appendix we shall give a discus sion on reflected SH-SH 
waves. 
Velocity Structure and the Waveform 
Crustal structures are of ten viewed as a stack of layers with 
sharp discontinuities. However, some parts of North America , central 
Wisconsin, for example , are thought to have a crust with a linear 
gradient. The actual configuration will, of course, affect the wave 
form, since the reflection coefficients are a function of frequency 
(see Brekovskikh, 1960). Since our method cannot handle a continuous 
variation of layer parameters, we have approx imated the gradient by 
dividing the crust into fine r layers. To show the frequency dependence, 
we have simulated both long (30-100) and short period (1-0.75) 
seismometers in our synthesis. 
The appearance of pulses recorded by a short period instrument 
is considerably different from that recorded by a long period instrument 
because of more severe phase distortion. Figure 17 is a short period 
record for a Central U.S. model. This is to be compared to the 
middle trace of figure 13. The arrival time of the free surface 
reflection in figure 17 coincide s with that in figure 13; however, the 
pulse is much shorter as it should be (note the difference i n time 
scale), and has more swings. The arrivals after the main pulse can 
readily be identified in this case. 
We have first divided both the bottom t wo kilometers and the top two 
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kilometers of the crust into five layers of 0.4 km each with 
parameters. increasing slowly downward (see figure 18). The synthesized 
long period record (top trace) is almost identical to the middle 
trace of figure 13 (at the same angle of incidence for a regular 
central U.S. crust). The short period record, on the other hand, 
shows a very different pulse shape (cf. figure 17). The difference 
seems to be due to the reverberations set up in the top layer. 
When the whole crust is divided into 10 layers of 2 km each 
with parameters increasing linearly downward (see figure 19), the 
reflection from the bottom, which shows up clearly in figure 13, 
becomes very small; the long period record (top trace) has a much 
smoother appearance than that for models with only four layers; the 
short period record (bottom trace) shows faint interface reflections, and 
the free surface reflection resembles that of the bottom trace of fig. 18. 
Based on these observations, it appears that for the purpose of 
determining crustal structure at the point of reflection for PP or 
PS, the pulse shapes of these waves will yield the necessary 
information if we have some control of the velocity at the point of 
reflection. 
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Discussion 
We concluded in the last section that pulse shape of PP or PS 
could be employed to determine the nature of the crust at the point 
of reflection. This is assuming, in the first place, that the source 
time function is relatively simple - a fact which we can inf er from 
the shape of P wave , and secondly, that the noise level on the seismogram 
is sufficiently low for us to discern those reflected arrivals with 
certainty. The first requirement can usually be met by a deep earth-
quake, with magnitude 7 or less. The second requirement is, on 
ordinary seismograms , hard to fulfill; microseisms as well as crustal 
reverberations set up by preceding signals will mar the shape of PP; 
the interface reflections will be buried in the noise. Under these 
conditions, the pulse shape can only reveal whether the crust is oceanic 
or continental. Detailed structure can be obtained only if we process 
these signals to filter out the noise, and recover the small interface 
reflections. We must remember, however, that the submarine topography 
in the case of oceanic reflections and the land topography in the case 
of continental reflections can modify the pulse shape considerably 
when the wave length we are observing is commensurate with the dimension 
of the topographical featur es . Further examp les , mostly recorded by 
short-period instruments, can be found in the work by Gutenberg and 
Richter (1935). 
Recent advances in seismometer array data processing show 
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promise that the signal-noise ratio enhancement can be effectively 
achieved for our purpose (figure 21; Johnson, 1966). It seems 
possible now to use an array of seismometers monitoring earthquakes 
and apply the method we described to map the crustal structures of 
a large part of the world. However, in order to obtain the impulse 
response of the crust, the effects of source time function, radiation 
patterns, attenuation and crustal transfer function at the receiver 
have to be taken into consideration. We shall describe briefly the 
approach to this problem. 
Here, 
The complex frequency spectrum PP(w) can be written as 
PP(w) F(w) R(w) T(w, i ) e pp 
y(w,s)ds/G pp 
e 
F(w) the source spectrum, 
G frequency independent geometric spreading 
PP 
factor 
R(w) reflection transfer function at the point of 
T(w, i ) pp 
y(w) 
-J )'(w,s)ds 
c2 
reflection 
transmission transfer function at the recording 
station for PP. 
attenuation coefficient 
= the total attenuation of the wave along the 
PP ray path c2 , and similarly, the P wave 
where 
P(w) F(w) SC p 
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spectrum can be written as 
-J y(w,s)ds 
T(w , i ) e cl 
p 
8 the amplitude ratio at the source of the waves 
T(w, i ) 
p 
that late r reach the station as PP and P. 
transmission transfe r function of the crust 
at the receiving station for P. 
-f y(w, s)ds 
e cl total attenuation of p along the ray path cl. 
then 
where 
R(w) PP(w) P(w) A(w) 
A(w) = e 
f (w,s)ds - f y(w,s)ds 
C2 Cl 
T(w,i )G pp p 
T(w, i )G p pp 
In thes e expressions T(w, i) can be calcula ted by the Haskell-
Thomson matrix method, and y(w,s) was determined by Anderson and 
Julian (1965) and Teng (1965). As PP trave ls through the upper 
mantle and crus t, where the att enua tion is high, two more times than 
P does , so the high frequency component s will be more severely 
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suppressed for PP than for P; to compensate for this effect is 
therefore ve ry important in order to obtain the correct R(w). The 
factor B can be obtained if we know the source radiat ion pattern 
(Ben-:Menahem ~al, 1965; Teng and Ben--Menahem, 1965). 
After we obtain R(w) we can Fourier-synthesize it to obtain the 
impulse response of the crust at point of reflection and then modify 
the crustal models pertinent to the specific area to fit the observed 
impulse response . It is desirable to use broad-band instruments 
for recording, to recover more information; however, short period 
data will enable us to determine the sharpness of discontinuities. 
Theoretically we can easily approximate a gradual change by using a 
stack of thin layers with gradual elastic parame ter variation 
through the stack. (cf. figure 19). 
It should be not ed that the computations in this paper did 
not take into account either the curvature of the earth or the curvature 
of the wave front. The problem of reflected waves in a liquid sphere 
was treated by Jeffreys and Lapwood (1957), Burridge (1962) and 
Alterman and Kornfeld (1965) and in a solid sphere by Burridge (1963). 
One of the conclusions they reached is that for PP waves that 
correspond to stationary time paths the pulse shape is related to the 
P pulse as the Fourier integral is related to the Allied-Fourier 
integral. Thus if the source function is 8(t) the PP pulse will appear 
as o'(t). Detailed discussion is given in Burridge (1963). The 
spherical effect can be incorporated into the results obtained in the 
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present work if the phenomenon should become salient in the frequ ency 
range under observation. 
-37-
Observation of PP Waves 
A number of observations was made of PP on actual seismograms. 
Good PP pulses could usually be found on the records for very shallow 
or deep earthquakes at distances such that PP is well isolated from 
phases such as P", SKP, pPcP, etc. Then the main features of PP can 
be clearly discerned. While, in general, the long period seismograms 
have a higher signal to noise ratio than the short period seismograms, 
the time difference between the reflected arrivals is of ten smaller 
than the duration of the input pulse - as revealed by the duration 
of the direct P wave (figure 20). The interface and free surface 
reflection arrivals tend to merge into each other and it is quite 
impossible to distinguish the individual pulses. The difference 
between oceanic and continental reflections is, however, pronounced 
enough on long period records to be used to distinguish these two 
categories of crustal structures. In figure 20 selected PP waves 
from March 21, 1963 Banda Sea shock are presented to demonstrate 
this conclusion. The earthquake occurred at a depth of 350 km and 
has a magnitude of 6~. Perusal of the travel time curves by 
Gutenberg and Richter (1936) shows that between epicentral distances 
of 70 and 125 degrees, PP waves would be separated from other 
arrivals by at least one minute. In the figure we have given the 
station abbreviations for each long period and short period ~~..JNSS 
record; epicentral distances and the geographical locations of the 
points of reflection are listed in Table 2. The oceanic PP's at 
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ALQ, COL, LON and TUC are apparently quite distinctive compared to 
the continental PP at ATU and STU. The former group of records shows 
a number of arrivals following the incipient rise. On the COL trace 
we are able to detect arrivals that appear at 10 second intervals: at 
18, 28, 38, and 48 seconds counting from the arrow. Taking into 
0 
account of the angle of incidence in the water layer c~ 6.4 ) and 
assuming a velocity of 1.5 km/sec, the water depth is found to be 
7 kilometers approximately. The map indicates a water depth of over 
3500 fathoms (~ 6.4 km) near the point of reflection. These arrivals 
could therefore be the multiple reflections in the water layer. The 
other three oceanic PP waves show the same type of behavior though with 
less distinctive later arrivals. At ATU and STU the PP waves have a 
very simple structure, conforming to our theoretical prediction. The 
reflection from the bottom of the crust (if there is one) can not be 
clearly discerned. The data cannot be used to obtain the crustal 
thickness at the point of reflection. 
The short-period records are often cluttered with pulses 
generated by the incident wave in the crust at the receiver, possibly 
when passing other diffractive objects. Nevertheless, the difference 
between oceanic reflection and continental reflection is still quite 
clear. This is shown in figure 20, with two short-period traces for 
the same earthquake, COL and STU. On the COL trace, it is noticeable 
that the higher frequency content in PP waves is much less than that 
in the direct P at the same stations. 
-39-
This effect, as we have asserted before, could be due to the 
relatively more severe attenuation for PP since it has travelled 
through the upper mantle two more times than P has, where the 
attenuation is high, and also to the band-pass nature of the reflector. 
To further show the feasibility of using PP to map the world-wide 
crustal structure we have processed data from the Tonto Forest 
extended array. As the detail of the set-up of the array and the data 
processing has been described by Johnson (1966), we will not go into 
detailed discussion here. The PP wave we used is from another 
Banda Sea-deep earthquake (August 20, 1965). The results of processing 
eight channels of data is presented in figure 21. The processing is 
essentially a correlation filtering in the wave number-frequency 
plane, whereby only signals with a certain phase velocity can pass 
through the filter. The effectiveness of this method for signal-noise 
ratio enhancement is demonstrated by the difference between the 
unprocessed record and the final result (figure 21). 
Based on our theoretical seismograms we have made the following 
interpretation (cf. figure 21): (1) is the reflection from the bottom 
of the crust, (2) is the reflection from the water-solid interface 
or possibly sediment-solid interface, (3) is the reflection from 
free surface and (4) is the wave that has made one more bounce in the 
water layer. 
Judging from the amplitude ratio of (4) to (3), the next expected 
multiple reflection would be buried in the noise. In order to see the 
-40-
later multiples we have to use longer period instruments and use 
the procedure described in the last section. 
Conclusion 
From the preceding discussion we see that PP/P is a function of 
frequency, depending not only on the structure at the point of 
reflection but also on the radiation pattern of the source, the structure 
under the receiver, and the absorption of wave energy while propagating 
along specific paths . Only after these factors are removed can we 
recover the spectral properties of the crust at the point of 
reflection. 
The general characteristics of a PP pulse itself also indicate 
the gross nature of the crust, whether it is oceanic or continental 
at the point of reflection. However, to study the detailed structure 
we have to be able to read relatively small arrivals from discontinuities, 
and in order to have a measure of the sharpness of the discontinuity 
we have to use the amplitude data; for all these we are bound to 
resort to more effective signal-noise ratio enhancement methods. 
We have mentioned before that in addition to PP and PS, the 
method used in the present work could easily be applied to SS and SP, 
and, if the condition kR >> 1 is satisfied, to pP, pS, and sS. The 
short period data might be used to approach the last requirement. 
Thus, with the advancement in seismometer array data processing, we 
will be able to use the data from one array to study crustal structures 
in many areas of the Earth; we can employ pP, sS, sP for the region 
near the source and PP, PS, SS, and SP for regions between the 
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source and the recording station, to map the crusts in those areas. 
This method would require only very limited facilities and woul d 
yield results for vast areas on the earth, some parts of which are not 
easily accessible with conventional explosion equipment. The results 
would also be much more detailed than can be obtained by using surface 
wave data. 
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Table II 
LOCATION ti (0) POINT OF REFLECTION 
ALQ Albuquerque, New Mexico, U.S.A. 122.6 Pacific Ocean 
ATU Athens, Greece 105.1 Northern India 
COL College, Alaska, U.S.A. 93.3 Pacific Ocean 
LON Longmire, Washington, U.S.A. 108.5 Pacific Ocean 
STU Stuttgart, Germany 113.5 Western China 
TUC Tucson, Arizona, U.S.A. 119.8 Pacafic Ocean 
Figure 1. 
Figure 2. 
Figure 3. 
Figure 4. 
Figure 5. 
Figure 6. 
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Appendix 
Reflected SH Waves 
The SH wave is often a good wave to study because of its large 
amplitude on the seismogram and the fact that there is no cbnversion 
of SH waves to other types of waves at the interface. It is both 
experimentally and theoretically simpler to treat the SH wave than 
the P or SV wave. In the presence of a low velocity layer in an 
elastic system, the SH wave may be trapped and become a guided wave 
the G wave, but that happens only for waves within a certain range 
of angles of incidence. 
The reflection of the SH wave will not be affected by the 
presence of a water layer on top of the solid crust, since the boundary 
condition for this case and for the case where the solid is terminated 
by a free surface will be the same, namely, the vanishing of the shear 
stress. Nevertheless, a thinner crust, with associated higher 
velocities, of an oceanic structure, as compared to a normal continental 
one, would cause the pulse shapes of reflected SH waves to be different 
under these two circumstances. 
We did not present any contour maps for the SH wave because the 
amplitude of the reflection coefficient is always l; all the information 
is contained in the phase shifts, which are difficult to interpret. 
When the complex reflection coefficients are Fourier synthesized, 
the influences of the layering reveal themselves very clearly. 
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In figure 22 the top trace is a reflected SH wave off the central 
U.S. crustal model, and the rtext trate is orie of an averag e oceanic 
structure . The reflec ted wave from the continental model shows simple 
and multiple reflections as- we would expect from a system of elastic 
layers with sharp discontinuities, separa ted so far from each other 
that individual waves can be discerned. The amplitudes of the multiple 
reflected waves behave in very much the same way as do the P waves 
which we discuss ed before. The appearance of the oceanic reflection 
is much less complicated than that of the continental one . The 
reflections from the bottom of the crust and the solid-solid interfaces 
form the first few swings; the main reflection is from the liquid-
solid interface. We can hardly distinguish any later a rrivals. 
In connection with a phenomenon obs e rved on seismograms for 
SH-SH waves at various distances we have inves tigated reflections 
from t wo two-layered crusts with velocity and density contrasts 
used by Gutenberg (1944) to study the reflection and transmiss ion at 
the interface between two half-spaces. The phenomenon in question 
(Brune, J.N., persona l communication, April 14, 1966) is that the 
SH b d f · t 1 di'stances l ess than about 40° waves o serve or epicen ra 
have precursors appearing on the seismogram 4 or 5 minutes in advance 
of the proper arrival time of the main SH waves, and in those cases 
the main SH wave is smeared out. 0 Beyond 40 SH waves usually have 
a clear start and a well defined pulse form. The transmis sion and 
reflection amplitudes at the boundary between two semi-infinite media 
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calculated by Gutenberg (1944) show that when the wave approaches 
the boundary from the high velocity side, the reflection is, in 
general, small. For angles of incidence below 50°, the energy is 
mostly transmitted. But for angles of incidence greater than 50° 
there is a sharp increase of reflection coefficient; it goes to 1 
at 90°. 0 The angle 50 corresponds, for shallow and intermediate 
earthquakes, to an epicentral distance of 35-40 degrees. In figure 
22 we have shown the possibility for SH to have a reversal in phas e 
and, a relatively large reflected wave amplitude for some structure 
at two different angles of incidence. It seems plausible that the 
phenomenon mentioned above can be explained by the discontinuities 
in the upper mantle. 
